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PREFACE 


It is not uncommon for a large utility to have units of disparate size, origin, and vintage 
in its fleet of generators. Among its dozens of generators, there might be some from 
the 1950s or 1960s and some with their original asphalt or thermoplastic windings. 
These, and later units, may be running with and without magnetic retaining rings. 
Some might have thermoelastic windings of all sorts, with or without asbestos; they 
might be hydrogen-cooled or air-cooled, have split-stator windings, be self-excited or 
different types of externally excited, steam-driven or combustion-driven, and the list 
goes on and on. Now, take that diversity and include units operating in 50 and 60 Hz 
grids, built by Western, Asian, and Eastern European manufacturers to different stan¬ 
dards. This is what you may find in some of the new independent, deregulated power 
producers that, in addition to building new plants, have purchased entire fleets of older 
units in several countries around the globe. 

The reasons why one may find so many ‘bid” units still in operation are not diffi¬ 
cult to discern. First of all, a typical generator is made with an intent to last no less than 
30 years or so. Second, replacing an operating unit is very capital intensive and, thus, 
done only when a catastrophic failure has occurred or some other major failure of the 
machine that renders continuous operation not economically viable. Third, although 
expected to last 30 years, large turbogenerators are known to have their lives extended 
far beyond that, if well maintained and operated. Sometimes that also requires replac¬ 
ing a major component, such as the armature winding and/or a rotor winding (or the 
entire rotor!). Significant changes in design tend to occur every few years, for different 
components. For instance, a history of the insulation systems encountered in genera¬ 
tors shows that every few years there is some big change resulting in increased ratings. 
These changes typically derive from the adoption of a new materials such as the 
change from magnetic to nonmagnetic material for retaining rings. Not all changes are 
always positive. Some new designs end up being reversed or revised after experience 
unmasks significant defects in them. 

There are countless scraps of information about the operation, maintenance, and 
troubleshooting of large turbogenerators in many publications. All vendors at one 
stage or another have produced and published interesting literature about the operation 
of their generators. In particular, the technical information letters put out by some 
manufacturers (called different names by different vendors) offer a wealth of detailed 
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PREFACE 


O&M topics. Institutions such as EPRI in the United States, CIGRE, lEC, ANSI, 
IEEE, and other national standards cover various aspects of the operation and mainte¬ 
nance of generators in general, but offer no specifics that may help troubleshoot a par¬ 
ticular unit. It is difficult to obtain from those sources a condensed and operational set 
of insights useful to the solution of a given problem with a specific machine. It is no 
wonder then that with so many dissimilar units in operation and such a variegated ex¬ 
perience, we are often forced to call the ‘fexperts,”who tend to be folks almost as old 
as the oldest units in operation. These are individuals who have crawled, inspected, 
tested, and maintained many diverse generators over the years. In doing so, they have 
retained knowledge about the different design, material, and manufacturing character¬ 
istics, typical problems, and most effective solutions. This type of expertise cannot be 
learned in a classroom. 

Unfortunately, not every company retains an individual with the breadth and depth 
of expertise required for troubleshooting all its units. In fact, with the advent of dereg¬ 
ulation, many small nonutility (third-party) power producers operate small fleets of 
generators without the benefit of in-house expertise. In lieu of that, they depend heavi¬ 
ly on OEMs and independent consultants. Large utilities in many places have also seen 
their expertise dissipate, not to a small extent because of a refocus of management pri¬ 
orities. All these developments are occurring at the same time that these units are 
called to operate in a more onerous environment. Economic dispatch in a deregulated 
or semideregulated world results in an increased use of double-shifting and load¬ 
cycling. 

Some effort has been made over the years to capture the experts’ knowledge and 
make it readily available to any operator. This effort took the shape of expert systems. 
However, adaptation of these computer programs to the many different types of gener¬ 
ators and associated equipment in existence has proved to be the Achilles heel of this 
technology. 

This book is designed to partially fill the gap by offering a comprehensive view of 
the many issues related to the operation, inspection, maintenance, and troubleshooting 
of large turbine generators. The contents of this second edition have been significantly 
enhanced and many new additional topics included. All of the information in the book 
is the result of many years of combined hands-on experience of the authors. It was 
written with the machine’s operator and inspector in mind, as well as providing a guide 
to uprating and life enhancement of large generators. Although not designed to provide 
a step-by-step guide for the troubleshooting of large generators, it serves as a valuable 
source of information that may prove to be useful during troubleshooting activities. 
The topics covered are also cross-referenced to other sources. Many such references 
are included to facilitate those readers interested in enlarging their knowledge of a spe¬ 
cific issue under discussion. For the most part, theoretical equations have been left out, 
as there are several exceptionally good books on the theory of operation of synchro¬ 
nous machines. Those readers who so desire can readily access those books. Several 
references are cited. This book, however, is about the practical aspects that character¬ 
ize the design, operation, and maintenance of large turbine-driven generators, and a 
significant number of practical calculations used commonly in maintenance and test¬ 
ing situations have been added. 
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Chapter 1 (‘Principles of Synchronous Machines’) provides a basis of theory for 
electricity and electromagnetism upon which the machines covered in this book are 
based. As well, the fundamentals of synchronous machine construction and operation 
are also discussed. This is for the benefit of generator operators who have a mechanics 
background and are inclined to attain a modicum of proficiency in understanding the 
basic principles of operation of the generator. It also comes in handy for those profes¬ 
sors who would like to adopt this book as a reference for a course on large rotating 
electric machinery. 

Chapters 2 and 3 (‘Generator Design and Construction” and ‘Generator Auxiliary 
Systems’) contain a very detailed and informative description of all the components 
found in a typical generator and its associated auxiliary systems. Described therein are 
the functions that the components perform, as well as all relevant design and opera¬ 
tional constrains. Some additional insight into design methods and calculations are 
also provided. 

Chapter 4 (‘Operation and Control’) introduces the layperson to the many opera¬ 
tional variables that describe a generator. Most generator-grid interaction issues and 
their affect on the machine components and operation are covered in great detail. 

Chapter 5 (‘Monitoring and Diagnostics’) and Chapter 6 (‘Generator Protection’) 
serve to introduce all aspects related to the on-line and off-line monitoring and protec¬ 
tion of a large turbogenerator. Although not intended to serve as a guideline for de¬ 
signing and setting up the protection systems of a generator, they provide a wealth of 
background information and pointers to additional literature. 

Chapters 7 (‘Inspection Practices and Methodology’), leads off the second part of 
the book with a look at preparing for a hands-on inspection of large generators. The 
chapter discusses the issues of concern for both safety of personnel and the equipment 
as well as the types of tools and approaches used in inspecting large generators. This 
chapter also contains a collection of most inspection forms typically used for inspect¬ 
ing turbogenerators. These forms are very useful and can be readily adapted to any ma¬ 
chine and plant. 

Chapter 8 (‘Stator Inspection’), Chapter 9 (‘Rotor Inspection’), and Chapter 10 
(‘Auxiliaries Inspection’) constitute the core of this book. They describe all compo¬ 
nents presented in Chapters 2 and 3, but within the context of their behavior under real 
operational constraints, modes of failure, and typical troubleshooting activities. These 
chapters provide detailed information on what to look for, and how to recognize prob¬ 
lems in the machine during inspection. Chapters 8 and 9 also contain some basic for¬ 
mulas and procedures for some of the various activities that occur during inspection, 
maintenance, and testing of large generators. 

Chapter 11 (‘Generator Maintenance Testing’) contains a comprehensive summary 
of the many techniques used to test the many components and systems comprising a 
generator. The purpose of the descriptions is not to serve as a guide to performing the 
tests-there are well-established guides and standards for that-«ther, they are intended 
to illustrate the palette of possible tests to choose from. Provided as well is a succinct 
explanation of the character of each test and explanations of how they are carried out. 

Chapter 12 (‘Maintenance Philosophies’) is included to provide some perspective 
to the reader on the many choices and approaches that can be taken in generator and 
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auxiliary systems maintenance. Often, there are difficult decisions on how far to take 
maintenance. In some cases, only basic maintenance may be required, and on other oc¬ 
casions it may be appropriate to carry out extensive rehabilitation of existing equip¬ 
ment or even replacement of components. This chapter discusses some of the issues 
that need to be considered when deciding on what, how much, and where to do it. 
Along with the regular maintenance aspects, other important issues like uprating and 
long-term storage are also addressed. 

We hope that this book will be not only useful to the operator in the power plant but 
also to the design engineer and the systems operations engineer. We have provided a 
wealth of information obtained in the field about the behavior of such machines, in¬ 
cluding typical problems and conditions of operation. The book should also be useful 
to the student of electrical rotating machines as a complementary reference to the 
books on machine theory. 

Although we have tried our best to cover each topic as comprehensively as possible, 
the book should not be seen as a guide to troubleshooting. In each case in which a real 
problem is approached, a whole number of very specific issues only relevant to that 
very unique machine come into play. These can never be anticipated or known and 
thus described in a book. Thus, we recommend the use of this book as a general refer¬ 
ence source, but that the reader should always obtain adequate on-the-spot expertise 
when approaching a particular problem. 

We remain intent on updating the contents of this book from time to time, from our 
own experience as well as from that of others. Therefore, we would welcome from the 
readers their comments, which they can submit to the publisher, for incorporation in 
future editions. 


Geoff Klempner 

ISIDOR KeRSZENBAUM 

Toronto, Ontario, Canada 
Irvine, California 
August 2008 
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Fig. 1.30 “Developed” view of a two-pole stator, showing the siots, the poles, and the three winding phases. It can be readily seen that the 
winding runs clockwise under a north pole and counterclockwise under a south pole. A similar pattern is followed by the other two phases, 
but located 120 electrical degrees apart. See page 29 for text discussion. 
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Fig. 2.10 (a) Two-pole generator, open-circuit flux distribution, (b) Two-pole genera¬ 
tor, open-circuit flux density distribution. See page 53 for text discussion. 





.469E+07 

.411E+07 

.352E+07 

.293E+07 

.235E+07 

.167E+07 

.117E+07 

.586E+06 

.500 

.586E+06 

.117E+07 

.176E+07 

.235E+07 

.299E+07 

.352E+07 

.411E+07 


CURRENT 

DENSITY 

(amps/m^) 


Fig. 2.11 Two-pole generator, full load current density and flux distribution. See page 
53 for text discussion. 
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Fig. 2.12 Two-pole generator, full load flux and flux density distribution. See page 54 
for text discussion. 



Fig. 5.9 Color-coded tagging compounds. See page 271 for text discussion. 
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Fig. 5.30 Capacitive coupling, slot discharge example. See page 292 for text discus¬ 


sion. 
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Fig. 5.31 Capacitive coupling, end-winding discharge example, no particular pattern. 
There is considerable discharge due to a number of mechanisms going on at the same 
time in this example. See page 292 for text discussion. 


Copper particles 
clearly visible 



Fig. 9.58 Slot liner with embedded copper particles. This situation is prone to leading 
to a ground fault. See page 583 for text discussion. 
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Fig. 8.77 In this photo there is significant dirt contamination shown on the endwind¬ 
ing, but there is also a significant amount of slot-exit partial discharge residue or 
“corona” discharge present in the form of a white powder. In this particular case, the 
“corona” discharge residue is easily wiped off and there is no sign of ground-wall insu¬ 
lation deterioration at this point. See pages 473-474 for text discussion. 



Fio. 8.105 The construction of the ground wall of the stator bar shown is sheet 
wrapped rather than taped. The ground wall has delaminated from the copper strand 
stack a few layers out from the copper surface. The voids created in the insulation due 
to delamination have allowed partial discharge activity to occur, as seen by the yellow- 
brown patches that are the by-products of the discharge. See page 498 for text dis¬ 
cussion. 



Fio. 8.106 The ground-wall insulation wrap has been completely removed from the 
stator bar of Figure 8.105, and the patch of brownish PD residue is clearly seen on the 
surface of the interstrand insulation of the outer part of the strand stack. See page 498 
for text discussion. 
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Fig. 8.36 This photo shows the “before” and “after” results of dry-ice blasting in a 
small generator. See pages 439-440 for text discussion. 



Fig. 8.128 Contaminated hose internals at the fitting attached to the bar nozzle or 
waterbox. The contamination was introduce after a failure of the stator cooling water 
cooler tubes that allowed raw service water to leak into the demineralized stator cool¬ 
ing water. See page 519 for text discussion. 



Flo. 8.142 Sealant for HV bushing in a circular reservoir at the casing exit in the bush¬ 
ing well. See pages 529-530 for text discussion. 
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Fig. 9.104 A different arrangement than previous figure for polishing a slip ring. In ad¬ 
dition to the sandpaper, there is a vacuum hose to remove particles during the polish¬ 
ing activity. See pages 615-616 for text discussion. 



Flo. 11.36 18 Mn-5 Cr retaining ring, fluorescent dye partially applied. See page 722 
for text discussion. 
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THEORY, CONSTRUCTION, 

AND OPERATION 
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PRINCIPLES OF 
OPERATION OF 
SYNCHRONOUS MACHINES 


The synchronous electrical generator (also called alternator) belongs to the family of 
electric rotating machines. Other members of the family are the direct-current (dc) mo¬ 
tor or generator, the induction motor or generator, and a number of derivatives of all 
these three. What is common to all the members of this family is that the basic physical 
process involved in their operation is the conversion of electromagnetic energy to me¬ 
chanical energy, and vice versa. Therefore, to comprehend the physical principles gov¬ 
erning the operation of electric rotating machines, one has to understand some rudi¬ 
ments of electrical and mechanical engineering. 

Chapter 1 is written for those who are involved in operating, maintaining, and trou¬ 
ble-shooting electrical generators, and who want to acquire a better understanding of 
the principles governing the machines’ design and operation, but who do not have an 
electrical engineering background. The chapter starts by introducing the rudiments of 
electricity and magnetism, quickly building up to a description of the basic laws of 
physics governing the operation of the synchronous electric machine, which is the type 
of machine to which all turbogenerators belong. 


1.1 INTRODUCTION TO BASIC NOTIONS ON ELECTRIC POWER 

1.1.1 Magnetism and Electromagnetism 

Certain materials found in nature exhibit a tendency to attract or repel each other. 
These materials, called magnets, are also called ferromagnetic because they include 
the element iron as one of their constituent elements. 
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PRINCIPLES OF OPERATION OF SYNCHRONOUS MACHINES 


Magnets always have two poles: one called north, the other called south. Two north 
poles always repel each other, as do two south poles. However, north and south poles 
always attract each other. A magnetic field is defined as a physical field established be¬ 
tween two poles. Its intensity and direction determine the forces of attraction or repul¬ 
sion existing between the two magnets. 

Figures 1.1 and 1.2 are typical representations of two interacting magnetic poles 
and the magnetic field established between them. 

Magnets are found in nature in all sorts of shapes and chemical constitution. Mag¬ 
nets used in industry are artificially made. Magnets that sustain their magnetism for 
long periods of time are denominated “permanent magnets.” The magnetic field pro¬ 
duced by the north and the south pole of a permanent magnet is directional from north 
to south (see Fig. 1.3). These are widely used in several types of electric rotating ma- 



Lines of Force 


Fig. 1.1 Schematic representation of two magnetic poles of opposite polarity, with 
the magnetic field between them shown as “lines of force.” 


h- 4 



Lines of Force 





Fig. 1.2 Schematic representation of two north poles and the magnetic field between 
them. South poles will create similar field patterns, but the lines of force will point to¬ 
ward the poles. 
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Fig. 1.3 Schematic representation of a “permanent magnet” showing the north and 
south poles and the magnetic field between them. Note that the magnetic field flows 
from north to south (outside the magnet). 


chines, including synchronous machines. However, due to mechanical as well as oper¬ 
ational reasons, permanent magnets in synchronous machines are restricted to those 
with ratings much lower than large turbine-driven generators, which is the subject of 
this book. Turbine-driven generators (for short: turbogenerators) take advantage of the 
fact that magnetic fields can be created by the flow of electric currents in conductors. 
See Fig. 1.4. 

A very useful phenomenon is that forming the conductor into the shape of a coil can 
augment the intensity of the magnetic field created by the flow of current through the 
conductor. In this manner, as more turns are added to the coil, the same current pro¬ 
duces larger and larger magnetic fields. For practical reasons, all magnetic fields creat¬ 
ed by current in a machine are generated in coils. See Fig. 1.5. 


Conductor 



Flo. 1.4 Schematic representation of a magnetic field created by the flow of current in 
a conductor. The direction of the lines offeree is given by the “law of the screwdriver”: 
mentally follow the movement of a screw as it is screwed in the same direction as that 
of the current; the lines of force will then follow the circular direction of the head of the 
screw. The magnetic lines of force are perpendicular to the direction of current. 
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Fig. 1.5 Schematic representation of a magnetic field produced by the flow of electric 
current in a coil-shaped conductor. 


The use of coils to amplify the magnetic field intensity requires a significant 
amount of control so that the resulting flux is produced in an effective way. When the 
coil is operating in air, the magnetic field direction, shape, and intensity depends on 
the number of turns in the coil, the size of the coil, and the direction of electric current 
flow in the coil winding. The flux produced is basically divided into two types. One is 
the effective flux that links the entire coil and does the useful work, and the other is the 
leakage flux which is a more localized effect and does no useful work. In fact, the leak¬ 
age flux creates additional losses that make the coil less efficient, electromagnetically 
speaking (see Fig. 1.6). The principles illustrated here become very important later on 
as we discuss the magnetic field in the generator and stray losses. 

To use as much of the flux produced in a coil as effectively as possible, highly mag¬ 
netically permeable materials—basically, ferromagnetic materials—are used to cap¬ 
ture and direct the flux so that the amount of leakage flux is minimized. This allows 
the coil to do more useful work and keeps losses to a minimum. Iron in various deriva¬ 
tives is by far the most widely used material because it has all the magnetic character¬ 
istics required, is structurally suitable, and cost-effective. When an “iron” core is used 
within the coil, and current is flowing, the magnetic field produced is shaped effective¬ 
ly and the iron core essentially becomes a north-south magnet in the process (see Fig. 
1.7). This is why rotor forgings and stator cores of generators are made of iron. The 
iron allows the principles discussed above to become a reality and is one of the reasons 
generators can be built to at least 98.5% efficiency. 

1.1.2 Electricity 

Electricity is the flow of positive or negative charges. Electricity can flow in electrical¬ 
ly conducting elements (called conductors), or it can flow as clouds of ions in space or 
within gases. As will be shown in later chapters, both types of electrical conduction are 
found in turbogenerators. See Fig. 1.8. 
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Current Out Current In 


Fig. 1.6 Schematic representation of a magnetic field produced by the flow of electric 
current in a coil-shaped conductor operating in air, showing the effective and leakage 
flux components of the magnetic field produced. 


1.2 ELECTRICAL-MECHANICAL EQUIVALENCE 

There is an interesting equivalence between the various parameters describing electri¬ 
cal and mechanical forms of energy. People with either electrical or mechanical back¬ 
grounds find this equivalence useful to the understanding of the physical process in ei¬ 
ther form of energy. Figure 1.9 describes the various forms of electrical-mechanical 
equivalence. 



Flo. 1.7 Schematic representation of a magnetic field produced by the flow of electric 
current in a coil-shaped conductor with an “iron” core. The majority of the field pro¬ 
duced is effective flux and the leakage field is reduced to a minimum. 
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Fig. 1.8 Electricity. (I) Ionic clouds of positive and negative currents. The positive 
clouds are normally atoms that lost one or more electrons; the negative clouds are 
normally free electrons. This effect can be found inside the generator as partial dis¬ 
charge in the stator winding. (II) The flow of electrons inside a conductor material, for 
example, the copper windings of the rotor and stator. 


1.3 ALTERNATING CURRENT (ac) 

As will be shown later, alternators operate with both alternating-current (ac) and di¬ 
rect-current (dc) electric power. The dc can be considered a particular case of the gen¬ 
eral ac, with frequency equal to zero. 

The frequency of an alternating circuit is measured by the number of times the cur¬ 
rents and/or voltages change direction (polarity) in a unit of time. The hertz is the uni¬ 
versally accepted unit of frequency, and measures cycles per second. One Hz equals 
one cycle per second. Alternating currents and voltages encountered in the world of in¬ 
dustrial electric power are for all practical purposes of constant frequency. This is im¬ 
portant because periodic systems, namely systems that have constant frequency, allow 
the currents and voltages to be represented by phasors. 

A phasor is a rotating vector. The benefit of using phasors in electrical engineering 
analysis is that it greatly simplifies the calculations required to solve circuit problems. 

Figure 1.10 depicts a phasor of magnitude E, and its corresponding sinusoidal trace 
representing the instantaneous value of the quantity e. The magnitude E represents the 
maximum value of e. 




Energy Storage 



Fig. 1.9 


Electrical-mechanical equivalence. 


Voltage (e) 



Fig. 1.10 A phasor E that can represent the voltage impressed on a circuit. The pha- 
sor is made of a vector with magnitude proportional to the magnitude of E, rotating at 
a constant rotational speed co. The convention is that phasors rotate counterclockwise. 
The vertical projection of the phasor results in a sinusoidal representing the instanta¬ 
neous voltage e existing at any time. In the graph, a= (oxt, where t is the time elapsed 
from its zero crossing. 
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When a sinusoidal voltage is applied to a closed circuit, a current will flow in it. Af¬ 
ter a while, the current will have a sinusoidal shape (this is called the steady-state cur¬ 
rent component) and the same frequency as the voltage. An interesting phenomenon in 
periodic circuits is that the resulting angle between the applied voltage and the current 
depends on certain characteristics of the circuit. These characteristics can be classified 
as being resistive, capacitive, and inductive. The angle between the voltage and the 
current in the circuit is called the power angle. The cosine of the same angle is called 
the power factor of the circuit or, for short, the PF. 

Note: As will be shown latter, in synchronous machines the term power angle is 
used to identify a different concept. To avoid confusion, in this book the angle between 
the current and the voltage in the circuit will therefore be identified by its “power fac¬ 
tor.” 

In the case of a circuit having only resistances, the voltages and currents are in 
phase, meaning that the angle between them equals zero. Figure 1.11 shows the var¬ 
ious parameters encountered in a resistive circuit. It is important to note that resis- 


I Loss = i?R 




Fig. 1.11 Alternating circuits (resistive). Schematic representation of a sinusoidal volt¬ 
age of magnitude E applied on a circuit with a resistive load R. The schematics show 
the resultant current / in phase with the voltage v. It also shows the phasor representa¬ 
tion of the voltage and current. 
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tances have the property of generating heat when a current flows through them. The 
heat generated equals the square of the current times the value of the resistance. 
When the current is measured in amperes and the resistance in ohms, the resulting 
power dissipated as heat is given in watts. In electrical machines, this heat represents 
a loss of energy. It will be shown later that one of the fundamental requirements in 
designing an electric machine is the efficient removal of these resistive losses, with 
the purpose of limiting the undesirable temperature rise of the internal components of 
the machine. 

In resistive circuits, the instantaneous power delivered by the source to the load 
equals the product of the instantaneous values of the voltage and the current. When the 
same sinusoidal voltage is applied across the terminals of a circuit with capacitive or 
inductive characteristics, the steady-state current will exhibit an angular (or time) dis¬ 
placement vis-a-vis the driving voltage. The magnitude of the angle (or power factor) 
depends on how capacitive or inductive the load is. In a purely capacitive circuit, the 
current will lead the voltage by 90°, whereas in a purely inductive one, the current will 
lag the voltage by 90° (see Fig. 1.12). 

A circuit that has capacitive or inductive characteristics is referred to as being a re¬ 
active circuit. In such a circuit, the following parameters are defined: 

S: The apparent power S = E x I, given in units of volt-amperes or VA. 

P: The active power P = E x I x cos <p, where (p is the angle between the voltage 

and the current. P is given in units of watts. 

Q: The reactive power Q = E x I x sin given in units of volt-amperes-reactive 
or VAR. 

The active power P of a circuit indicates a real energy flow. This is power that may 
be dissipated on a resistance as heat, or may be transformed into mechanical energy, as 
will be shown later. However, the use of the word “power” in the definition of S and Q 
has been an unfortunate choice that has resulted in confounding most individuals with¬ 
out an electrical engineering background for many years. The fact is that apparent 
power and reactive power do not represent any measure of real energy. They do repre¬ 
sent the reactive characteristic of a given load or circuit, and the resulting angle (pow¬ 
er factor) between the current and voltage. This angle between voltage and current sig¬ 
nificantly affects the operation of an electric machine, as will be discussed later. 

For the time being, let us define another element of ac circuit analysis: the power 
triangle. From the relationships shown above among S, P, Q, E, I, and (p, it can be 
readily shown that S, P, and Q form a triangle. By convention, Q is shown as positive 
(above the horizontal), when the circuit is inductive, and vice versa when capacitive 
(see Fig. 1.13). 

To demonstrate the use of the power triangle within the context of large generators 
and their interaction with the power system, we need to consider a one-line schematic 
that includes the generator, transmission system, and the connected load at the end (see 
Fig. 1.14). 
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S = u*! (volt-amperes) is apparent power 
p = •u»i»co(p (watts) is active power 
q = \)»i«sin(p (volt-amperes-reactive [VAR’s] is 
reactive power 



Fig. 1.12 Aiternating circuits (resistive-inductive-capacitive). Here, the sinusoidai 
voitage E is appiied to a circuit comprised of resistive, capacitive, and inductive eie- 
ments. The resuiting angie between the current and the voitage depends on the vaiue 
of the resistance, capacitance, and inductance of the ioad. 


If we now consider an actual load for the simple system of Fig. 1.14, we can cal¬ 
culate the current drawn by the load and the voltage required from the generator 
source to compensate for all the line losses and voltage drop across the line. Two 
cases are provided to illustrate the effect of a purely resistive load versus a load with 
a reactive component included (see Figs. 1.15 and 1.16). Working out the required 
voltage from the generator for the two different loads by the power triangle method 
shows how reactive loads greatly affect the power system operation and the genera¬ 
tion requirements. Reactive power compensation is a large part of generator opera¬ 
tion and affects generator design in a significant way, as will be discussed later on in 
Chapter 2. There is a delicate balance between generation and load that is clearly 
shown by the two cases presented and the comparison of operational results (see Fig. 
1.17). 
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Simple power system showing a generator, bus, line and load. 

Vioad = 1.000 volts 

Line resistance (R) = 10 Q (resistive) 

Line reactance (X) = 10 Q (inductive) 

Line impedance (Z) = V (10^ + 10^) = 14.14 Q 

Fig. 1.14 Schematic of a simple system in one-line form. The voltage required at the 
load (so that it will operate correctly) is given as 1000 volts. The transmission line resis¬ 
tance and reactance are provided and the line impedance calculated as shown, using 
the power triangle approach. 
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Case 1 - Load = 100 kW ( Unity Power Factor {i.e. Cos cp =1}) 

P = ^/3 * I * V * coscp 

^1 = 100,000 watts /1,000 volts /1.73/1 = 57.8 amperes 
Losses in the line (P Ryng) = 57.82 amperes * 10Q = 33.4 kW 
Voltage drop along the line = \*Z = V (I * R)^ + (I * X)2 = 817 volts 
=^The required delivery voltage at the source (Vs) is: 

Vs = V (V|,g, + IR)2 + (IX)2 

Vs = V (1,000 + 578)2 + ( 578)2 = ^^680 volts 



Fig. 1.15 Case 1. The load is purely resistive in this example, and the system is oper¬ 
ating at the “unity” power factor. 


Case 2 - Load = 100 kW & 50 kVAR-inductive (lagging power factor) 

S = V3 * I * V = V 100,0002 + 50,0002 = -| •] -| 803 VA (Volt-Amperes) 

^1 = 111,803 VA /1,000 volts/1.73 = 64.55 amperes 
Losses in the line (P Ri^^j = 64.552 amperes * 10Q = 41.6 kW 
Voltage drop along the line = l*Z = V(l * R)2 + (I * X)2 = 913 volts 
=>The required delivery voltage at the source (Vs) is: 

Vs = V[V|oad+ IR(sin(p+cos(p)]2 + [IX(coscp-sin(p)]2 

Vs = V [1,000+645.5(sincp+cos(p)]2 + [645.5(coscp-sin(p)]2 = 1,892 volts 



Fig. 1.16 Case 2. The load Is resistive and Inductive In this example, and the system 
is operating in the “lagging” power factor range. 
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Load 

100 kW 

100 kW&50 kVAR 

Power consumed by the 
load 

too kW 

too kW 

Current 

57.8 A 

64.6 A 

Line losses 

33,4 kW 

41,6 kW 

Voltage drop along the 
line 

817 V 

913 V 

Required delivery voltage 
at generating end 

1,680 V 

1,892 V 


Fig. 1.17 A comparison of Case 1 and Case 2 shows that although the “real” power 
consumed is the same, the addition of the reactive component in Case 2 has caused 
an increase in current drawn from the generator, an increase in line losses, a higher 
volt drop across the line, and, therefore, a higher voltage required from the generator 
source. 


The above examples show that there is a considerable demand placed on the gen¬ 
erator to operate the various loads on a system. In reality, the generator terminal volt¬ 
age Vj is constant, plus or minus 5% by design. As the load increases or decreases, 
the current from the generator changes significantly and the voltage drop on the sys¬ 
tem Vioaj requires compensation (Fig. 1.18). Therefore, the second major function of 
the generator, after production of “real” power, is to produce “reactive” power to 
help control the grid’s voltage and frequency, which will also be discussed later in 
Chapter 4. 


1.4 THREE-PHASE CIRCUITS 

The two-wire ac circuits discussed above (called single-phase circuits or systems), are 
commonly used in residential, commercial, and low-voltage-low-power industrial ap¬ 
plications. However, all electric power systems to which industrial generators are con¬ 
nected are three-phase systems. Therefore, any discussion in this book about the 
“power system” will refer to a three-phase system. Moreover, in industrial applications 
the voltage supplies are, for all practical reasons, balanced, meaning that all three- 
phase voltages are equal in magnitude and apart by 120 electrical degrees. In those rare 
events in which the voltages are unbalanced, the implications for the operation of the 
generator will be discussed in other chapters of this book. 

Three-phase electric systems may have a fourth wire, called “neutral.” The “neu¬ 
tral” wire of a three-phase system will conduct electricity if the source and/or the load 
are unbalanced. In three-phase systems, two sets of voltages and currents can be iden¬ 
tified. These are the phase and line voltages and currents. 




16 


PRINCIPLES OF OPERATION OF SYNCHRONOUS MAOHINES 



Lagging Power Factor 



Unity Power Factor 



Leading Power Factor 


Fig. 1.18 The effect on the voltage drop as the circuit goes from lagging through uni¬ 
ty to leading power factor operation is shown. 


Figure 1.19 shows the main elements of a three-phase circuit. Three-phase circuits 
can have their sources and/or loads connected in wye {star) or in delta forms. (See Fig. 
1.20 for a wye-connected source feeding a delta-connected load.) 

Almost without exception, turbine-driven generators have their windings connected 
in wye (star) form. Therefore, in this book the source (or generator) will be shown 
wye-connected. There are a number of important reasons why turbogenerators are 
wye-connected. They have to do with considerations about its effective protection as 
well as design (insulation, grounding, etc.). These will be discussed in the chapters 
covering stator construction and operations. 

On the other hand, loads can be found connected in wye, delta, or a combination of 
the two. This book is not about circuit solutions; therefore, the type of load connection 
will not be brought up herein. 


1.5 BASIC PRINCIPLES OF MACHINE OPERATION 

In Section 1.1, basic principles were presented showing how a current flowing in a 
conductor produces a magnetic field. In this section, three important laws of electro¬ 
magnetism will be presented. These laws, together with the law of energy conserva¬ 
tion, constitute the basic theoretical bricks on which the operation of any electrical ma¬ 
chine is based. 
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Ec 



Ea, Eb, Ec, — Phase voltages 
Eca> Ebc. Eab, — Line voltages 


Fig. 1.19 Three-phase systems. Schematic depiction of a three-phase circuit and the 
vector (phasor) diagram representing the currents, voltages, and angles between 
them. 



Fig. 1.20 A “wye-connected” source feeding a “delta-connected” load. 
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1.5.1 Faraday’s Law of Electromagnetic Induction 

This basic law, due to the genius of the great English chemist and physicist Michael 
Faraday (1791-1867), presents itself in two different forms: 

1. A moving conductor cutting the lines of force (flux) of a constant magnetic field 
has a voltage induced in it. 

2. A changing magnetic flux inside a loop made from a conductor material will in¬ 
duce a voltage in the loop. 

In both instances, the rate of change is the critical determinant of the resulting dif¬ 
ferential of potential. Figure 1.21 illustrates both cases of electromagnetic induction, 
and also provides the basic relationship between the changing flux and the voltage in¬ 
duced in the loop, for the first case, and the relationship between the induced voltage in 
a wire moving across a constant field, for the second case. The figure also shows one 
of the simple rules that can be used to determine the direction of the induced voltage in 
the moving conductor. 


1.5.2 Ampere-Biot-Savart’s Law of Electromagnetic Induced 
Forces 

This basic law is attributed to the French physicists Andre Marie Ampere 
(1775-1836), Jean Baptiste Biot (1774-1862), and Victor Savart (1803-1862). In its 
simplest form, this law can be seen as the “reverse” of Faraday’s law. Whereas Fara¬ 
day’s law predicts a voltage induced in a conductor moving across a magnetic field, 
the Ampere-Biot-Savart law establishes that a force is generated on a current-carrying 
conductor located in a magnetic field. 

Figure 1.22 presents the basic elements of Ampere-Biot-Savart’s law as applicable 
to electric machines. The figure also shows the existing numerical relationships, and a 
simple hand-rule to determine the direction of the resultant force. 


1.5.3 Lenz’s Law of Action and Reaction 

Both Faraday’s law and Ampere-Biot-Savart’s law neatly come together in Lenz’s 
law, written in 1835 by the Estonian-bom physicist Heinrich Lenz (1804-1865). 
Lenz’s law states that electromagnetic-induced currents and forces will try to cancel 
the originating cause. 

For example, if a conductor is forced to move, cutting lines of magnetic force, a volt¬ 
age is induced in it (Faraday’s law). Now, if the conductors’ ends are closed together so 
that a current can flow, this induced current will produce (according to Ampere- 
Biot-Savart’s law) a force acting upon the conductor. What Lenz’s law states is that this 
force will act to oppose the movement of the conductor in its original direction. 

Here, in a nutshell, is the explanation for the generating and motoring modes of op¬ 
eration of an electric rotating machine! This law explains why, when a generator is 
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1. Changing Flux 



2. Moving Conductor 




Volts Tesla Meters m/sec 


If (p Changes in Time: 



Rule of the “Right Hand” 

• Thumb always the driving 

• Flux into palm 

• For generator: 

Thumb -* Direction of movement 
Fingers Voltage induced 

• For motor 

Thumb -* Current 
Fingers -* Force direction 


Fig. 1.21 Both forms of Faraday’s basic law of electromagnetic induction. A simple 
rule (the “right-hand” rule) is used to determine the direction of the induced voltage in 
a conductor moving across a magnetic field at a given velocity. 


loaded (more current flows in its windings, cutting the magnetic field in the gap be¬ 
tween rotor and stator), more force is required from the driving turbine to counteract 
the induced larger forces and keep supplying the larger load. Similarly, Lenz’s law ex¬ 
plains the increase in the supply current of a motor as its load increases. 

Figure 1.23 neatly captures the main elements of Lenz’s law as it applies to electric 
rotating machines. 
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Length of wire in the field 

* 

F = B X ^xl 

t t t t 

Newtons Tesla m Amperes 



Fig. 1.22 The Ampere-Biot-Savart law of electromagnetic-induced forces as it ap¬ 
plies to electric rotating machines. Basic numerical relationships and a simple rule are 
used to determine the direction of the induced force. 


1.5.4 Electromechanical Energy Conversion 

The fourth and final physical law that captures, together with the previous three, all the 
physical processes occurring inside an electric machine, is the “principle of energy 
conversion.” Within the domain of the electromechanical world of an electric rotating 
machine, this principle states that: 

All the electrical and mechanical energy flowing into the machine, less all the electrical 
and mechanical energy flowing out of the machine and stored in the machine, equals the 
energy dissipated from the machine as heat. 

It is important to recognize that although mechanical and electrical energy can go 
into or out of the machine, the heat generated within the machine always has a nega¬ 
tive sign, that is, heat generated in the machine is always released during the conver¬ 
sion process. A plus sign indicates energy going in; a minus indicates energy going 
out. In the case of the stored energy (electrical and mechanical), a plus sign indicates 
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Example 



1. The upwards moving conductor in a magnetic field induces 
a voltage (Faraday) 

2. Closing the circuit generates a current 

3. The current creates a force opposing the movement 
(Ampere and Lenz) 


Hint: Use the rule of the palm to show the direction of “F” 



This phenomenon explains the torque applied by the 
generator on the turbine, when the unit is loaded 


_1 


Induced currents and forces will try to cancel 
the originating cause 


Fig. 1.23 Lenz’s law as it applies to electric rotating machines. Basic numerical rela¬ 
tionships and a simple rule are used to determine the direction of the induced forces 
and currents. 


an increase of stored energy, whereas a minus sign indicates a reduction in stored ener¬ 

gy- 

The balance between the various forms of energy in the machine will determine its 
efficiency and cooling requirements, both critical performance and construction para¬ 
meters in a large generator. Figure 1.24 depicts the principle of energy conversion as 
applicable to electric rotating machines. 


1.6 THE SYNCHRONOUS MACHINE 

At this point, the rudiments of electromagnetism have been presented, together with 
the four basic laws of physics describing the inherent physical processes coexisting in 
any electrical machine. Therefore, it is the right time to introduce the basic configura¬ 
tion of the synchronous machine, which, as mentioned before, is the type of electric 
machine that all large turbine-driven generators belong to. 

1.6.1 Background 

The commercial birth of the alternator (synchronous generator) can be dated back to 
August 24, 1891. On that day, the first large-scale demonstration of transmission of ac 
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“Principle of Energy Conversion” In Electromechanical Systems: 


We W„ Ws Wh 


Inpul/Output + Input/Output 
of electric of mechanical 

energy energy 


+ 


Change in + 
stored 
energy 


Electrical = 


Heat = 0 
dissipated 


J^I2L+ V2C 
2 2 
Mechanical = 
Rotational Energy 





Wh is always negative (i.e. heat is always released during the 
conversion process) 

Wg, Wm and Wg can have “+” or signs 

Wg and Wm with a “plus" means input to the machine 

“minus" means output from the machine 

Wg with a “plus" means increase of stored energy 

“minus" means decrease of stored energy 

Fig. 1.24 Principle of energy conversion as applicable to electric rotating machines. 


power was carried out. The transmission extended from Lauffen, Germany, to Frank¬ 
furt, about 110 miles away. The demonstration was carried out during an international 
electrical exhibition in Frankfurt. This demonstration was so convincing about the fea¬ 
sibility of transmitting ac power over long distances that the city of Frankfurt adopted 
it for their first power plant, commissioned in 1894. This happened about 113 years be¬ 
fore the writing of this book (see Fig. 1.25). 

The Lauffen-Frankfurt demonstration, and the consequent decision by the city of 
Frankfurt to use ac power delivery, were instrumental in the adoption by New York’s 
Niagara Falls power plant of the same technology. The Niagara Falls power plant be¬ 
came operational in 1895. For all practical purposes, the great dc versus ac duel was 
over. Southern California Edison’s history book reports that its Mill Creek hydro plant 
is the oldest active polyphase (three-phase) plant in the United States. Located in San 
Bernardino County, California, its first units went into operation on September 7, 
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Fig. 1.25 The hydroelectric generator from Lauffen, now in the Deutches Museum, 
Munich. (Reprinted with permission from The Evolution of the Synchronous Machine 
by Gerhard Neidhofer, 1992, Asea Brown Boveri.) 


1893, placing it almost two years ahead of the Niagara Falls project. One of those ear¬ 
lier units is still preserved and displayed at the plant. 

It is interesting to note that although tremendous development in machine ratings, 
insulation components, and design procedures has occurred for over one hundred 
years, the basic constituents of the machine have remained practically unchanged. 

The concept that a synchronous generator can be used as a motor followed suit. Al¬ 
though Tesla’s induction motor replaced the synchronous motor as the choice for the 
vast majority of electric motor applications, synchronous generators remained the uni¬ 
versal machines of choice for the generation of electric power. The world today is di¬ 
vided between countries generating their power at 50 Hz and others (e.g., the United 
States) at 60 Hz. Additional frequencies (e.g., 25 Hz) can still be found in some loca¬ 
tions, but they constitute the rare exception. 

Synchronous generators have continuously grown in size over the years (see Fig. 
1.26). The justification is based on simple economies of scale: the output rating of the 
machine per unit of weight increases as the size of the unit increases. Thus, it is not un¬ 
common to see machines with ratings reaching up to 2000 MVA in the most recent 
times, with the largest normally used in nuclear power stations. Interestingly enough, 
the present ongoing shift from large steam turbines as prime movers to more efficient 
gas turbines is resulting in a reverse of the trend toward larger and larger generators, at 
least for the time being. Transmission system stability considerations also place an up¬ 
per limit on the rating of a single generator. 
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Fig. 1.26 “Growth” graph, depicting the overall Increase In size over the last century, 
of turbine-driven generators. 



1.6.2 Principles of Construction 

Chapter 2 includes a description of the design criteria leading to the construction of a 
modem turbogenerator, as well as a detailed description of all components most com¬ 
monly found in such a machine. This section is limited to the presentation of the basic 
components comprising a synchronous machine, with the purpose of describing its ba¬ 
sic operating theory. 

Synchronous machines come in all sizes and shapes, from the miniature permanent 
magnet synchronous motor in wall clocks, to the largest steam-turbine-driven genera¬ 
tors of up to about 2000 MVA. Synchronous machines are one of two types: stationary 
field or rotating dc magnetic field. 

The stationary field synchronous machine has salient poles mounted on the stator— 
the stationary member. The poles are magnetized either by permanent magnets or by a 
dc current. The armature, normally containing a three-phase winding, is mounted on 
the shaft. The armature winding is fed through three slip rings (collectors) and a set of 
brushes sliding on them. This arrangement can be found in machines up to about 5 
kVA in rating. For larger machines—all those covered in this book—the typical 
arrangement used is the rotating magnetic field. 
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The rotating magnetic field (also known as revolving field) synchronous machine 
has the field winding wound on the rotating member (the rotor) and the armature 
wound on the stationary member (the stator). A dc current, creating a magnetic field 
that must be rotated at synchronous speed, energizes the rotating field winding. The ro¬ 
tating field winding can be energized through a set of slip rings and brushes (external 
excitation) or from a diode bridge mounted on the rotor (self-excited). The rectifier 
bridge is fed from a shaft-mounted alternator, which is itself excited by the pilot ex¬ 
citer. In externally fed fields, the source can be a shaft-driven dc generator, a separate¬ 
ly excited dc generator, or a solid-state rectifier. Several variations on these arrange¬ 
ments exist. 

The stator core is made of insulated steel laminations. The thickness of the lamina¬ 
tions and the type of steel are chosen to minimize eddy current and hysteresis losses, 
while maintaining required effective core length and minimizing costs. The core is 
mounted directly onto the frame or (in large two-pole machines) through spring bars. 
The core is slotted (the slots are normally open), and the coils making up the winding 
are placed in the slots. There are several types of armature windings, such as concen¬ 
tric windings of several types, cranked coils, split windings of various types, wave 
windings, and lap windings of various types. Modem large machines typically are 
wound with double-layer lap windings (more about these winding types in Chapter 2). 

The rotor field is either of salient-pole (Fig. 1.27) or nonsalient-pole constmction, 
also known as round rotor or cylindrical rotor (Fig. 1.28). Nonsalient-pole (cylindrical) 
rotors are utilized in two- or four-pole machines, and, very seldom, in six-pole ma¬ 
chines. These are typically driven by steam or combustion turbines. The vast majority 
of salient-pole machines have six or more poles. They include all synchronous hydro¬ 
generators, almost every synchronous condenser, and the overwhelming majority of 
synchronous motors. 

Nonsalient-pole rotors are typically machined out of a solid steel forging. The 
winding is placed in slots machined out of the rotor body and retained against the large 
centrifugal forces by metallic wedges, normally made of aluminum or steel. The re¬ 
taining rings restrain the end part of the windings (end windings). In the case of large 
machines, the retaining rings are made out of steel. 

Large salient-pole rotors are made of laminated poles retaining the winding under 
the pole head. The poles are keyed onto the shaft (spider-and-wheel structure). Salient- 
pole machines have an additional winding in the rotating member. This winding, made 
of copper bars short-circuited at both ends, is embedded in the head of the pole, close 
to the face of the pole. The purpose of this winding is to start the motor or condenser 
under its own power as an induction motor, and take it unloaded to almost synchro¬ 
nous speed, when the rotor is “pulled in” by the synchronous torque. The winding also 
serves to damp the oscillations of the rotor around the synchronous speed and is, there¬ 
fore, named the damping winding (also known as amortisseur). 

This book focuses on large turbine-driven generators. These are always two- or 
four-pole machines having cylindrical rotors. The discussion of salient-pole machines 
can be found in other books. (See the Additional Reading section at the end of this 
chapter.) 
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I 



Voltage waveforms for 
phases A, B, C 



Fig. 1.27 Synchronous machine construction. Schematic cross section of a salient- 
pole synchronous machine. In a large generator, the rotor is magnetized by a coil 
wrapped around it. The figure shows a two-pole rotor. Salient-pole rotors normally 
have many more than two poles. When designed as a generator, large salient-pole 
machines are driven water turbines. The bottom part of the figure shows the three- 
phase voltages obtained at the terminals of the generator, and the equation relates 
the speed of the machine, the number of poles, and the frequency of the resulting 
voltage. 


1.6.3 Rotor Windings 

In turbogenerators, the winding producing the magnetic field is made of a number of 
coils—single-circuit, energized with dc power fed via the shaft from the collector rings 
riding on the shaft, and positioned outside the main generator bearings. In self-excited 
generators, the shaft-mounted exciter and rectifier (diodes) generate the required field 
current. The shaft-mounted exciter is itself excited from a stationary winding. The fact 
that, unlike the stator, the rotor field is fed from a relatively low-power, low-voltage 
circuit has been the main reason why these machines have the field mounted on the ro- 
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Production of MMF and Flux 


mmf of one pair of conductors 



F(mmf) = k X I X cos d 

Fig. 1.28 Schematic cross section of a synchronous machine with a cylindrical round 
rotor. This is the typical design for all large turbogenerators. Here, both the stator and 
rotor windings are installed in slots, distributed around the periphery of the machine. 
The lower part shows the resulting waveforms of a pair of conductors and that of a dis¬ 
tributed winding. The formula gives the magneto-motive force (mmf) created by the 
windings. 


tating member and not the other way around. Moving high currents and high power 
through the collector rings and brushes (with a rotating armature) would represent a se¬ 
rious technical challenge, making the machine that much more complex and expen¬ 
sive. 

Older generators have field supplies of 125 volts dc. Newer ones have supplies of 
250 volts and higher. Excitation voltages of 500 volts or higher are common in newer 
machines. A much more elaborate discussion of rotor winding design and construction 
can be found in Chapter 2. 
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1.6.4 Stator Windings 

The magnitude of the voltage induced in the stator winding is, as shown above, a func¬ 
tion of the magnetic field intensity, the rotating speed of the rotor, and the number of 
turns in the stator winding. An actual description of individual coil design and con¬ 
struction, as well as how the completed winding is distributed around the stator, is 
meticulously described in Chapter 2. In this section, a very elementary description of 
the winding arrangement is presented to facilitate the understanding of the basic opera¬ 
tion of the machine. 

As stated above, coils are distributed in the stator in a number of forms, each with 
its own advantages and disadvantages. The basic goal is to obtain three balanced and 
sinusoidal voltages having very little harmonic content (harmonic voltages and cur¬ 
rents are detrimental to the machine and other equipment in a number of ways). To 
achieve a desired voltage and MVA rating, the designer may vary the number of slots 
and the manner in which individual coils are connected, producing different winding 
patterns. The most common winding arrangement is the lap winding, shown in Figure 
1.29 for a four-pole machine and in Figure 1.30 for a two-pole machine. 

A connection scheme that allows great freedom of choice in designing the windings 
to accommodate a given terminal voltage is one that allows connecting sections of the 





Fig. 1.29 “Developed” view of a four-pole stator, showing the slots, the poles, and a 
section of the winding. The section shown is of one of the three phases. It can be read¬ 
ily seen that the winding runs clockwise under a north pole, and counterclockwise un¬ 
der a south pole. This pattern repeats itself until the winding covers the four poles. A 
similar pattern is followed by the other two phases, but located at 120 electrical de¬ 
grees apart. 
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Fig. 1.30 “Developed” view of a two-pole stator, showing the slots, the poles, and the 
three winding phases. It can be readily seen that the winding runs clockwise under a 
north pole and counterclockwise under a south pole. A similar pattern is followed by the 
other two phases, but located 120 electrical degrees apart. (See color insert.) 
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winding in parallel, series, and/or a combination of the two. Figure 1.31 shows two 
typical winding arrangements for a two-pole generator. 


1.7 BASIC OPERATION OF THE SYNCHRONOUS MACHINE 

For a more in-depth discussion of the operation and control of large turbogenerators, 
the reader is referred to Chapter 4. In this chapter, the most elementary principles of 
operation of synchronous machines will be presented. As mentioned above, all large 
turbogenerators are three-phase machines. Thus, the best place to start describing the 
operation of a three-phase synchronous machine is a description of its magnetic field. 

Earlier, we described how a current flowing through a conductor produces a mag¬ 
netic field associated with that current. It was also shown that by coiling the conductor, 
a larger field is obtained without increasing the current’s magnitude. Recall that if the 
three phases of the winding are distributed at 120 electrical degrees apart, three bal¬ 
anced voltages are generated, creating a three-phase system. 

Now, a new element can be brought into the picture. By a simple mathematical analy¬ 
sis, it can be shown that if three balanced currents (of equal magnitudes and 120 electri- 



Fig. 1.31 Schematic view of a two-pole generator with two possible winding configu¬ 
rations: (1) a two parallel circuits winding and (2) A two series connected circuits per 
phase. On the right, the three phases are indicated by different tones. Note that some 
slots only have coils belonging to the same phase, whereas in others, coils belonging 
to two phases share the slot. 
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cal degrees apart) flow in a balanced three-phase winding, a magnetic field of constant 
magnitude is produced in the airgap of the machine. This magnetic field revolves around 
the machine at a frequency equal to the frequency of the currents flowing through the 
winding (see Fig. 1.32). The importance of a three-phase system creating a constant 
field cannot be stressed enough. The constant magnitude flux allows hundred of 
megawatts of power to be transformed inside an electric machine from electrical to me¬ 
chanical power, and vice versa, without major mechanical limitations. It is important to 
remember that a constant-magnitude flux produces a constant-magnitude torque. Now, 
try to imagine the same type of power being transformed under a pulsating flux (and, 
therefore, pulsating torque), which is tremendously difficult to achieve. 




= cnst 


The resultant flux (|)r is constant in magnitude 
and rotation (synchronous speed) 


Fig. 1.32 Production of stator rotating field. A constant magnitude and constant rota¬ 
tional speed magnetic flux is created when three-phase balanced currents flow 
through a three-phase symmetrical winding. The sketch is for a two-pole winding; 
however, similar result applies for any number of pairs of poles. 
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It is convenient to introduce the fundamental principles describing the operation of 
a synchronous machine in terms of an ideal cylindrical-rotor machine connected to an 
infinite bus. The infinite bus represents a bus bar of constant voltage, which can deliv¬ 
er or absorb active and reactive power without any limitations. The ideal machine has 
zero resistance and leakage reactance, infinite permeability, and no saturation, as well 
as zero reluctance torque. 

The production of torque in the synchronous machine results from the natural ten¬ 
dency of two magnetic fields to align themselves. The magnetic field produced by the 
stationary armature is denoted as <j>s. The magnetic field produced by the rotating field 
is <l)f. The resultant magnetic field is 


«l>r <t>s + 4>f 

The flux <]),. is established in the airgap (or gasgap) of the machine. (Bold symbols in¬ 
dicate vector quantities.) 

When the torque applied to the shaft equals zero, the magnetic fields of the rotor 
and the stator become perfectly aligned. The instant torque is introduced to the shaft, 
either in a generating mode or in a motoring mode, a small angle is created between 
the stator and rotor fields. This angle (() is called the torque angle of the machine. 

1.7.1 No-Load Operation 

When the ideal machine is connected to an infinite bus, a three-phase balanced voltage 
Vj is applied to the stator winding (within the context of this work, three-phase sys¬ 
tems and machines are assumed). As described above, it can be shown that a three- 
phase balanced voltage applied to a three-phase winding evenly distributed around the 
core of an armature will produce a rotating (revolving) magneto-motive force (mmf) of 
constant magnitude F^. This mmf, acting upon the reluctance encountered along its 
path, results in the magnetic flux previously introduced. The speed at which this 
field revolves around the center of the machine is related to the supply frequency and 
the number of poles by the following expression: 



where 

/ = electrical frequency in Hz 
p = number of poles of the machine 

= speed of the revolving field in revolutions per minute (rpm) 

If no current is supplied to the dc field winding, no torque is generated, and the re¬ 
sultant flux <|)r, which in this case equals the stator flux <))„ magnetizes the core to the 
extent that the applied voltage Vj is exactly opposed by a counterelectromotive force 
(cemf) Ej. If the rotor’s excitation is slightly increased and no torque is applied to the 
shaft, the rotor provides some of the excitation required to produce Ej, causing an 
equivalent reduction of 4>s- This situation represents the underexcited condition shown 
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in the no-load condition (a) in Figure 1.33. When operating under this condition, the 
machine is said to behave as a lagging condenser, meaning that it absorbs reactive 
power from the network. If the field excitation is increased over the value required to 
produce Ej, the stator currents generate a flux that counteracts the field-generated flux. 
Under this condition, the machine is said to be overexcited, shown as the no-load con¬ 
dition (b) in Figure 1.33. The machine is behaving as a leading condenser; that is, it is 
delivering reactive power to the network. 



(a) Underexcited 



No-load or condenser Motor ‘t’p 

operation operation 

(b) Overexcited 



Fig. 1.33 Phaser diagrams for a synchronous cylindrical-rotor ideal machine. 
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Under no-load conditions, both the torque angle (A) and the load angle (S) are zero. 
The load angle is defined as the angle between the rotor’s mmf (Ff) or flux (<|)f) and the 
resultant mmf (F^) or flux (<!),). The load angle is the most commonly used because it 
establishes the torque limits the machine can attain in a simple manner (discussed lat¬ 
er). One must be aware that in many texts the name torque angle is used to indicate the 
load angle. The name torque angle is also sometimes given to indicate the angle be¬ 
tween the terminal voltage (Vj) and the excitation voltage (Ej). This happens because 
the leakage reactance is generally very much smaller than the magnetizing reactance, 
and therefore the load angle 8 and the angle between Vj and Ej are very similar. In this 
book, the more common name power angle is used for the angle between Vj and Ej. In 
Figure 1.33, the power angle is always shown as zero because the leakage impedance 
has been neglected in the ideal machine. 

It is important at this stage to introduce the distinction between electrical and me¬ 
chanical angles. In studying the performance of the synchronous machine, all the elec¬ 
tromagnetic calculations are carried out based on electric quantities; that is, all angles 
are electrical angles. To convert the electrical angles used in the calculations to the 
physical mechanical angles, we use the following relationship: 

Mechanical angle ^ Electrical angle 


1.7.2 Motor Operation 

The subject of this book is turbo-generators. These units seldom operate as motors. (One 
such example is when the main generator is used for a short period of time as a motor fed 
from a variable-speed converter. The purpose of this operation is for starting its own 
prime-mover combustion turbine.) However, this section presents an introductory discus¬ 
sion of the synchronous machine and, thus, the motor mode of operation is also covered. 

If a breaking torque is applied to the shaft, the rotor starts falling behind the revolv¬ 
ing-armature-induced magneto-motive force (mmf) F^. In order to maintain the re¬ 
quired magnetizing mmf F,, the armature current changes. If the machine is in the un¬ 
derexcited mode, motor operation in Figure 1.33a represents the new phasor diagram. 

On the other hand, if the machine is overexcited, the new phasor diagram is repre¬ 
sented by motor operation in Figure 1.33Z). The active power consumed from the net¬ 
work under these conditions is given by 

Active power = Fj x x cos (per phase) 

If the breaking torque is increased, a limit is reached in which the rotor cannot keep 
up with the revolving field. The machine then stalls. This is known as “falling out of 
step,” “pulling out of step,” or “slipping poles.” The maximum torque limit is reached 
when the angle 8 equals W2 electrical. The convention is to define 8 as negative for 
motor operation and positive for generator operation. The torque is also a function of 
the magnitude of <(), and <|)f. When overexcited, the value of (|)f is larger than in the un¬ 
derexcited condition. Therefore, synchronous motors are capable of greater mechani- 
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cal output when overexcited. Likewise, underexcited operation is more prone to result 
in an “out-of-step” situation. 

1.7.3 Generator Operation 

Let us assume that the machine is running at no load and a positive torque is applied to 
the shaft; that is, the rotor flux angle is advanced ahead of the stator flux angle. As in 
the case of motor operation, the stator currents will change to create the new condi¬ 
tions of equilibrium shown in Figure 1.33, under generator operation. If the machine 
is initially underexcited, condition (a) in Figure 1.33 results. On the other hand, if the 
machine is overexcited, condition (b) in Figure 1.33 results. 

It is important to note that when “seen” from the terminals, with the machine operat¬ 
ing in the underexcited mode, the power factor angle (^i) is leading (i.e., Ii leads Vj). 
This means that the machine is absorbing reactive power from the system. The opposite 
occurs when the machine is in the overexcited mode. As for the motor operation, an 
overexcited condition in the generating mode also allows for greater power deliveries. 

As generators are normally called upon to provide VARs together with watts, they 
are almost always operated in the overexcited condition. 

1.7.4 Equivalent Circuit 

When dealing with three-phase balanced circuits, electrical engineers use the one-line 
or single-line representation. This simplification is allowed because in three-phase bal¬ 
anced circuits, all currents and voltages, as well as circuit elements are symmetrical. 
Thus, by “showing” only one phase, it is possible to represent the three-phase system, 
as long as care is taken in using the proper factors. For instance, the three-phase bal¬ 
anced system of Figure 1.19 or Figure 1.20 can be represented as shown in Figure 
1.34. Hereinafter, when describing a three-phase generator by an electrical diagram, 
the one-line method will be used. 

The most convenient way to determine the performance characteristics of synchro¬ 
nous machines is by means of equivalent circuits. These equivalent circuits can become 
very elaborate when saturation, armature reaction, harmonic reactance, and other non¬ 
linear effects are introduced. However, the simplified circuit in Figure 1.35 is conducive 
to obtaining the basic performance characteristics of the machine under steady-state 
conditions. 

In Figure 1.35, the reactance represents the magnetizing or demagnetizing effect 
of the stator windings on the rotor. It is also called the magnetizing reactance. rep- 



Fig. 1.34 One-line representation of the circuit shown in Figures 1.19 and 1.20. 
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Xs 



Fig. 1.35 Steady-state equivalent circuit of a synchronous machine. X = leakage re¬ 
actance, Xa = armature reaction reactance, X^ = Xg + X = synchronous reactance, ffg = 
armature resistance, = synchronous impedance, V-i(Vt) = terminal voltages, and £„ = 
magnetizing voltage. 


resents the effective resistance of the stator. The reactance X represents the stator leak¬ 
age reactance. The sum of and X is used to represent the total reactance of the ma¬ 
chine, and is called the synchronous reactance (X^). is the synchronous impedance 
of the machine. It is important to remember that the equivalent circuit described in Fig¬ 
ure 1.35 represents the machine only under steady-state conditions. 

The simple equivalent circuit of Figure 1.36 suffices to determine the steady-state 
performance parameters of the synchronous machine connected to a power grid. These 
parameters include voltages, currents, power factor, and load angle. The regulation of 
the machine can be easily found from the equivalent circuit for different load condi¬ 
tions by using the regulation formula: 

9l(%)=100(F„„.i„ad-k„a<i)/Kioad 

For a detailed review of the performance characteristics of the synchronous ma¬ 
chine, in particular the turbo-generator, the reader is referred to Chapter 4. 

Note: Regulation in a generator indicates how the terminal voltage of the machine 
varies with changes in load. When the generator is connected to an infinite bus (i.e., a 
bus that does not allow the terminal voltage to change), a change in load will affect the 
machine’s output in a number of ways. (See Chapter 4 for a discussion of this topic.) 

1.7.5 Machine Losses 

In Section 1.5.4, the balance of energy in an electric machine was discussed. As part of 
the discussion, reference was made to the fact that current flows through the machine’s 
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I ^ 

Lagging power factor (overexcited) Leading power factor (underexcited) 

(a) Generator Operation 



Lagging power factor (overexcited) Leading power factor (underexcited) 

(b) Motor Operation 

Fig. 1.36 Steady-state equivalent circuit and vector diagram. 

conductors generating heat (a loss). However, there are a number of other sources 
within a working alternator that produce heat and, thus, losses. The following is a list 
of some of those sources of losses: 

Winding Losses (Copper Losses) 

• I^R stator loss 

• I^R rotor loss 

• Eddy and circulating current loss in windings (parasitic currents induced in the 
windings) 
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Iron Losses 

• Mainly stator losses due to hysteresis loss and eddy current loss in stator lamina¬ 
tions 

Parasitic Eddy Losses 

• Induced currents in all metallic components (bolts, frame, etc.) 

Mechanical Losses 

• Friction and windage loss 

• Losses in fans and rotor and stator cooling vents 

• Losses in bearings 
Exogenous Losses 

• Losses in auxiliary equipment 

Excitation 

Lubrication oil pumps 

H 2 seal oil pumps 

H 2 and water cooling pumps 

• Iso-phase or lead losses 

In the following chapters, these losses and their origin, control, and consequences to 
the machine’s design and operation will be covered in detail. 


ADDITIONAL READING 

A wealth of literature exists for the reader interested in a more in-depth understanding 
of synchronous machine theory. The following is only but a very short list of readily 
available classic textbooks describing the operation and design of synchronous ma¬ 
chines in a manner accessible to the uninitiated. 

1. D. Zorbas, Electric Machines — Principles, Applications, and Control Schemat¬ 
ics. West, 1989. 

2. M. G. Say, Alternating Current Machines. Pitman Publishing, 1978. 

3. T. Wildi, Electrical Machines, Drives and Power Systems. Prentice-Hall. 

4. V. del Toro, Electric Machines and Power Systems. Prentice-Hall, 1985. 

5. M. Liwschitz-Garik and C. C. Whipple, Electric Machinery, Vols. 1-2. Van 
Nostrand. 

6. A. E. Fitzgerald, C. Kingsley and S. Umans, Electric Machinery. McGraw-Hill, 
1990. 

7. For a text describing the practical issues related to operation and maintenance of 
both turbogenerators and hydrogenerators, see Isidor Kerszenbaum, Inspection 
of Large Synchronous Machines, IEEE Press, 1996. 
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GENERATOR DESIGN 
AND CONSTRUCTION 


The focus of this chapter is on the construction of the generator and its major individual 
components. In addition, issues that significantly influence the design of the various 
generator components are discussed. The class of generators under consideration are 
steam and gas turbine-driven generators, commonly called turbo-generators. These ma¬ 
chines are generally used in nuclear and fossil-fueled power plants, cogeneration plants, 
and combustion turbine units. They range from relatively small machines of a few 
megawatts (MW) to very large generators with ratings up to 1800 MW. The generators 
particular to this category are of the two- and four-pole design employing round rotors, 
with rotational operating speeds of 3600 or 1800 rpm in North America, parts of Japan, 
and Asia, and 3000 or 1500 rpm in Europe, Africa, Australia, Asia, and South America. 

The basic function of the generator is to convert mechanical power, delivered from 
the shaft of the turbine, into electrical power. Therefore, a generator is actually a rotat¬ 
ing mechanical energy converter. The mechanical energy from the turbine is converted 
by means of a rotating magnetic field produced by direct current in the copper winding 
of the rotor or field, which generates three-phase alternating currents and voltages in 
the copper winding of the stator (armature). The stator winding is connected to termi¬ 
nals, which are in turn connected to the power system for delivery of the output power 
to the system. 

As the system load demands more active power from the generator, more steam (or 
fuel in a combustion turbine) needs to be admitted to the turbine to increase power out- 
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put. Hence, more energy is transmitted to the generator from the turbine, in the form of 
a torque. This torque is mechanical in nature, but electromagnetically coupled to the 
power system through the generator. The higher the power output, the higher the 
torque between turbine and generator. 

The power output of the generator generally follows the load demand from the sys¬ 
tem. Therefore, the voltages and currents in the generator are continually changing 
based on the load demand. The generator design must be able to cope with large and 
fast load changes, which show up inside the machine as mechanical forces and temper¬ 
atures change. The design must, therefore, incorporate electrical-current-carrying ma¬ 
terials (i.e., copper and/or aluminum), magnetic-flux-carrying materials (i.e., highly 
permeable steels), insulating materials (organic and/or inorganic), structural members, 
and cooling media (i.e., gases and liquids), all working together under the operating 
conditions of a turbo-generator. 

Since the turbo-generator is a synchronous machine, it operates at one very specific 
speed to produce a constant system frequency of 60 or 50 Hz, depending on the fre¬ 
quency of the grid to which it is connected. As a synchronous machine, a turbo-genera¬ 
tor employs a steady magnetic flux passing radially across an airgap that exists between 
the rotor and the stator. (The term “airgap” is commonly used for air- and gas-cooled 
machines.) For the machines in this discussion, this means a magnetic flux distribution 
of two or four poles on the rotor. This flux pattern rotates with the rotor, as it spins at its 
synchronous speed. The rotating magnetic field moves past a three-phase, symmetrical¬ 
ly distributed winding installed in the stator core, generating an alternating voltage in the 
stator winding. The voltage waveform created in each of the three phases of the stator 
winding is sinusoidal. The output of the stator winding is the three-phase power, deliv¬ 
ered to the power system at the voltage generated in the stator winding. 

In addition to the normal flux distribution in the main body of the generator, there 
are stray fluxes at the extreme ends of the generator that create fringing flux patterns 
and induce stray losses in the generator. The stray fluxes must be accounted for in the 
overall design. 

Generators are made up of two basic members, the stator and the rotor, but the sta¬ 
tor and rotor are themselves constructed from numerous parts. Rotors are the high¬ 
speed rotating member of the two, and they undergo severe dynamic mechanical load¬ 
ing as well as the electromagnetic and thermal loads. The most critical components in 
the generator are the retaining rings mounted on the rotor. These components are very 
carefully designed for high-stress operation. The stator is stationary, as the term sug¬ 
gests, but it also sees significant dynamic forces in terms of vibration and torsional 
loads, as well as the electromagnetic, thermal, and high-voltage loading. The most crit¬ 
ical component of the stator is arguably the stator winding because it is a very high- 
cost item and it must be designed to handle all of the harsh effects described above. 
Most stator problems occur with the winding. 

From the previous discussion, it becomes obvious that there are many issues to con¬ 
sider in generator design and each of these influences the performance of the overall 
machine. Design issues of high-voltage insulation, electrical currents (ac and dc), mag¬ 
netic flux, heat production and cooling, mechanical forces, and vibrations all must be 
accounted for and made to work together for proper operation of a large generator. 
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(For a more in-depth discussion of the theory behind the operation of turbo-generators, 
refer to Chapters 1 and 4). 


2.1 STATOR CORE 

The stator core is made up of thin [0.014 inch (0.355 mm) or 0.019 inch (0.483 mm)] 
sheets of electrical-grade steel, with 3% to 4% silicon or grain oriented (see Fig. 2.1 
and Fig. 2.2). There are numerous terms for these sheets, such as coreplate, punchings, 
laminations, or laminates. They are segmented, meaning that generally from 10 to 24 
laminates (depending on whether the machine is two- or four-pole) are laid side by 
side to form a full 360 degree ring layer. Each of these layers is staggered relative to 
the locations of adjacent layers above and below, by the butted radial edges of the ad¬ 
jacent laminates in each ring layer (see Fig. 2.3). This staggering has a significant ef¬ 
fect in increasing the mechanical integrity of the stator core as an assembled unit. This 
feature also has a beneficial effect in reducing shaft voltages on the rotor due to mag¬ 
netic circuit dissymmetry. 

Each lamination is insulated on both sides with an organic or inorganic compound 
of very thin dimension, generally about 0.001 of an inch. Organic compounds include 
varnish and inorganic coatings can be a layer of oxidation. The purpose of the inter- 



Fiq. 2.1 Individual coreplate segment or laminate (lamination) for a 4-pole stator core. 
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Fig. 2.2 Individual coreplate segment or laminate (lamination) for a two-pole stator 
core. This laminate is from the first packet of the stator core and shows clearly the slit- 
tooth arrangement for reduction of eddy currents and core-end heating effects. Also, 
this laminate is from an axially hydrogen-cooled core and so has numerous ventilation 
circles and elliptical holes punched in it. These line up to form full-length core cooling 
vents. 

laminar insulation is to confine any induced eddy currents to a path along the same 
lamination where it is induced, without bridging into neighboring laminations. This 
has the effect of increasing the resistance to the eddy currents and reducing their mag¬ 
nitude, with an overall reduction of eddy-current loss and associated temperature rise. 
There are abnormal operating events such as overfluxing of the core (discussed else¬ 
where in this book) that can elevate the core temperature enough to compromise the in¬ 
terlaminar insulation. This can result in complete failure of the core. 

The core is built up from thin laminates (laminations) to limit eddy-current losses in 
the core iron due to the alternating flux induced in the core during operation. Eddy- 
current activity in the core ends is further increased, due to stray and end-leakage flux 
from axial impingement on the core teeth in the end region, which will be discussed 
further on in this chapter. To reduce the eddy-current effect due to axial flux impinge¬ 
ment in the core ends and its subsequent increase in core-end heating, the core teeth 
are slit, up to several inches axially inward from each end of the core (see Fig. 2.3). 

The stator core of a turbo-generator contains tens of thousands of core laminations 
in the smaller machines and hundreds of thousands of laminations in the largest ma¬ 
chines, which must be held tightly together, especially when the generator is laid side¬ 
ways when installed and operating. To keep the laminated ring segments in line with 
each successive layer, they are fitted onto keybars in a stator frame structure (see Figs. 
2.3 and 2.4). Then, to consolidate the core as a solid and stiff mass, they are clamped 
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Fig. 2.3 Lamination stacking in the stator, also showing the keybars at the extreme 
back of the core and vacant “through bolt” holes in the mid-yoke area of the core 
back. 



Fig. 2.4 Core-to-keybar mounting arrangement in the stator frame, with pressure 
plate at the end for clamping the core tight. (Courtesy of General Electric.) 
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axially. There are two basic methods used to achieve the axial clamping force. The 
most common is to use the keybar structure on which the core is mounted by dovetail 
slots in the core laminates at the core back, in conjunction with a large full-ring press¬ 
ing plate at each end of the stator. The other is to additionally use “through bolts” in¬ 
stalled through holes in the core yoke area (See Fig. 2.3) that extend the full axial 
length of the stator core and through the “pressing plate.” In both of these methods, 
pressure is distributed over the end face or surface at both ends of the stator, using the 
large pressing plates. 

In the area of the core teeth, however, the stator winding extends out of the core 
ends and, therefore, the core cannot be pressed directly by the pressing plate in that 
area of the core. For this reason, substantially strong fingers are installed on top of the 
core teeth at the ends, between the end-core laminate and the pressing plate to extend 
the pressing plate pressure to the “fingers” and the core teeth. This way, the required 
pressure is extended to the inner edge or bore portion of the stator core, as well as the 
yoke area. The intent is to provide equal pressure over the whole end surface and trans¬ 
mit it over the full axial length of the core to hold it tight so it will remain solid over its 
design life. In addition to the high-pressure loading in the factory of up to 250 psi, 
cores are often bonded between laminates as well, to assure the mechanical integrity of 
the core. 

The support of the core must also accommodate the machine torque inherent with 
generator operation. Steady load appears as a steady torque to the core, but transients 
introduce peak torques for which the machine design must accommodate. These 
torques are transmitted to the stator frame via the keybars installed at the back of the 
core where the core dovetail slots are located. The keybars are in turn mounted on the 
stator frame to support the entire stator structure. 

Because of the high levels of force and vibration experienced during normal and ab¬ 
normal operation, mechanical damping arrangements or special spring mountings are 
often employed to minimize adverse affects to the core and the frame itself or to other 
parts of the stator. 

In a two-pole generator, the stator core experiences a rotating inward magnetic pull 
at the two diametrically opposite locations of maximum airgap flux density, thus de¬ 
flecting the core a few thousandths of an inch out of round to form an oval shape that is 
undetectable visually (see Fig. 2.5). Flowever, the result is a primarily four-node vibra¬ 
tion mode at a frequency that is twice the power system frequency (commonly called 
the “twice per rev” frequency). The resulting vibrations can be significant and, there¬ 
fore, the generator must be isolated in such a way that the vibration is damped and not 
transmitted to the foundation. This is accomplished by mechanical dampers or spring¬ 
mounting the core. The detailed designs of the various manufacturers vary substantial¬ 
ly, but they all must provide vibration isolation while supporting the weight of the core 
and handling both the steady and the peak transient torques developed in the stator 
core. 

Cooling of the core is accomplished in large generators with the use of hydrogen 
gas. Radial “ducts” are provided in the core for this purpose. The losses generated in 
the core are dissipated to the cooling gas at the surface of the radial ducts. The width of 
the ducts and the thickness of the core packages are chosen as required by the ventila- 
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Fig. 2.5 Schematic representation of a two-pole generator core deformation as the 
flux rotates at synchronous speed. The actual deformation is invisible to the naked 
eye, and it is not more than a fraction of a millimeter. However, the impact on the vi¬ 
brations of the frame is such that two-pole machines require the core to be mounted 
on springs or spring-like systems to protect the frame from the vibrations. 


tion needs of the machine and the temperature permitted in the core. To allow for the 
radial ventilation ducts, “space blocks” are secured to a thicker core laminate to form a 
radial gas path from the stator bore to the back of core area, and vice versa (see Fig. 
2 . 6 ). 

Slots are provided in the stator core for installation of the stator winding. Core ma¬ 
terial is removed to accommodate the winding and, hence, the tooth flux densities are 
very high in this area. This affects the generated losses and heating in the core and the 
winding that the machine cooling must dissipate. 

The portion of the core below the bottom of the winding slots is called the yoke or 
core-back area. The level of magnetic saturation and mechanical vibration governs the 
radial depth of the yoke in a two-pole generator. Generators with a relatively small 
back-of-core depth (four-pole) are usually lower fluxed machines. Machines with a 
large back-of-core depth (two-pole) generators are generally high-flux machines. At¬ 
tention must be paid to both types in terms of the oval deformation effect on the stator 
core as well as the magnetic saturation and vibration. 

With directly cooled stator winding machines, the armature reaction and stray flux 
are high and require flux shielding at the stator core ends to minimize the losses in the 
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Fig. 2.6 Thick coreplate segment with space blocks. 


core ends and the subsequent higher temperatures. Flux shielding is accomplished ei¬ 
ther by a copper, current-carrying shield or by a laminated magnetic steel flux-carrying 
shunt. This is discussed in more detail in Section 2.5. 


2.2 STATOR FRAME 

The basic purpose of the stator frame is to provide support for the stator core and to act 
as a pressure vessel for the hydrogen cooling gas in hydrogen-cooled generators. It 
also is segregated internally to create a ventilation circuit within the generator (see Fig. 
2.7). In hydrogen-cooled units, the stator frame also supports the hydrogen coolers 
(heat exchangers) used to remove the heat absorbed by the hydrogen. In some larger 
generators, hydrogen gas is pressurized up to as high as 90 psi in more recent times. 

The stator frame includes an outer shell, commonly called a wrapper plate, to 
which circumferential ribs and the keybars are attached. On the outside of the wrapper, 
there is a welded structure of footings attached, to secure the generator to a foundation. 
The footings and frame mounts are required to carry the weight of the generator and 
the rotational torque loads from the ovalizing effect of the magnetic fields in the gener¬ 
ator. The frame structure must also be capable of withstanding abnormal events from 
the power system and generator faults, which cause high transient stresses in the 
frame. 
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Fig. 2.7 Stator core and frame cross section. (Courtesy of Siemens-Westinghouse.) 


Since the frame provides the basic support for the stator core, it must be able to 
move with the core expansion and contraction from heating and the magnetic pulls as¬ 
sociated with the rotating flux patterns in the core. To accommodate all this, the core- 
to-frame mechanical coupling is usually done with some flexibility installed. In turbo¬ 
generators, the frame design is usually accommodated with some isolation assembly or 
spring mounting of the core. This helps to dampen the inherent core and frame vibra¬ 
tions and keep them isolated from the foundation. 

Frame stiffness and natural frequencies of vibration are important parameters due to 
the once-per-revolution (60 or 50 Hz) and twice-per-revolution (120 or 100 Hz) char¬ 
acteristics of the generators in conjunction with the stimulus from the power system 
frequency. Therefore, great care is taken to ensure that the natural frequencies of the 
core and the frame are not near 60 (50) or 120 (100) Hz. 

To provide stiffness for the outer shell of the frame or casing, there are circumferen¬ 
tial ribs welded to the wrapper at spaced axial intervals over the length of the stator. 
These are designed to give the stator frame the strength it needs for its intended pur¬ 
pose of supporting the core and acting as a pressure vessel for the hydrogen cooling 
gas (in Hj-cooled machines). The entire frame structure is dimensioned to ensure the 
correct strength and to avoid the natural frequencies of the once- and twice-per-revolu- 
tion characteristics of the generator. The type of steel used in the frame is generally 
highly weldable material with good strength and low-temperature ductility (i.e., mild 
steel) to contain the internal hydrogen gas pressure. 

The frame will have some inherent weak points that must be accounted for in the 
design. These result from the cutouts within the frame structure that connect the vari¬ 
ous portions of the ventilation path through the frame structure. Some of these include 
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the hydrogen cooler ports, terminal-box structure, and instrumentation feed-throughs. 
The ventilation path must be provided, though, to direct cooling gas from the exit of 
the hydrogen coolers to the various parts of the stator core, the rotor, and the terminals, 
and then back through the hydrogen coolers to begin the circuit again. Of course, the 
sizing of the cutouts and cooling passages is determined by the amount of cooling re¬ 
quired in each part of the generator. Similar arrangements exist in air-cooled machines. 

Stator frames are also designed for lifting and handling. Once a machine is built, it 
must be delivered to a site and to do this requires transportation by any number of 
means such as a large truck for smaller machines and by rail and ship for large stators. 
The method of lifting is generally by craning. To do this, trunnion plates are bolted 
onto the side of the stator frame, which is generally a large plate itself and, thus, the 
crane cables can be attached there for lifting. The weight of some of the largest stators 
can reach up to 500 tons. It is, in fact, the transportation mode that governs the maxi¬ 
mum size that a generator can be built to. There is no point in building a machine so 
big that it cannot be transported to the generation site. Therefore, such things as overall 
weight of the stator and the transport system must be accounted for, as well as the 
overall size dimensions. Some of the things to consider are clearance to railroad 
bridges, tunnels, station platforms, and other obstructions along the route. 

There is also another issue with large generator design that seems to be minimally 
considered during the design phase, undoubtedly due to size and cost considerations. 
This is the issue of accessibility to the core back and other generally inaccessible areas 
of the stator. Regardless of the discussion above on size and transportation, the in¬ 
escapable reality is that all large generators require maintenance and need to be acces¬ 
sible for inspection and to carry out any repairs or modifications that may be required 
in future. More often than one would like, problems such as core and frame vibrations 
occur, resulting in the need to inspect for damage and make repairs or modifications, 
and the core and keybar interface area is largely inaccessible. Attention to some “de¬ 
signed in” accessibility should be considered to accommodate future maintenance and 
inspections, although it is recognized that such accessibility would affect machine size 
and cost. 


2.3 FLUX AND ARMATURE REACTION 

The rated apparent power of a generator is proportional to the flux and the armature re¬ 
action, in the well-known relationship 

MVA = KMJ^Pf 


where 

MVA = rated apparent power 

K = a proportionality constant 

Mj = armature reaction 

<I> = magnetic flux per pole at rated voltage 

P = number of poles 
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This is really the same as the product of the stator current and the stator terminal 
voltage. The stator or armature current is proportional to the armature reaction. The 
stator voltage is proportional to the flux. The field winding ampere-turns or field cur¬ 
rent at rated load is directly related to the level of armature reaction. Calculation of the 
flux per pole is described in Section 2.4 and the calculation of armature reaction is as 
follows: 


Armature reaction, Mg = 


Vip 


X 


NJN^^Ik ^ 

——— X la, ampere-turns 


where 

Aph = number of phases 

P = number of poles 

As, = number of turns (number of slots) 

k = number of parallel paths 

Ap = winding pitch factor 

Kd = winding distribution factor 

la = stator current in amperes 

One other basic relationship that governs the rating of a generator is the output co¬ 
efficient. Simply put, the output of the generator increases with the square of the diam¬ 
eter of the rotor or stator bore, and with the length of the machine, based on the follow¬ 
ing relationship: 


MVA 

Output coefficient = 

L)\yL,o 


MVA min/m^ 


where 

MVA = rated apparent power 
Z)b ^ diameter of the stator bore 
L = length of the active iron in the stator 
S = speed of the rotor in rpm 

Specific generator ratings are accommodated in machine design by trading off the 
levels of magnetic flux against the level of armature reaction. The actual component 
dimensions as described above also play a role in optimizing designs of large genera¬ 
tors. Therefore, a specific rating can be achieved by a relatively high value of flux and 
a low level of armature reaction, and vice versa, or some combination in between. In¬ 
creasing the generator output at a specific combination of flux and armature reaction 
can also be done by making the machine longer. Using all these factors, one can design 
a machine to fit any output rating desired. However, when one parameter changes, it 
affects all the other parameters, some marginally but some others significantly. 

Two additional formulas that help to describe the output of the generator in relative 
terms are specific magnetic loading and specific electric loading. These two formulas in 
their more basic form can be multiplied together to produce the output coefficient above: 
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Specific magnetic loading = 


Specific electric loading 


~D^ 

/stA^c 

D^k 


webers/m^ 

A/m 


where 

P = number of poles 
d) = flux per pole in webers 

= stator bore diameter in meters 
L = core iron effective length in meters 
/st = stator, single-phase current in amperes 
= total number of stator conductors 
k = number of parallel paths in stator circuit 

Using the above formulas, one can compare basic machine design outputs to deter¬ 
mine which is more highly loaded in specific terms. For instance, if a machine is prone 
to high core-end heating, the specific electric loading of the generator is likely to be 
high relative to other machines, indicating that high stray losses are present. High stray 
losses can directly affect core-end flux penetration and, subsequently, the level of 
core-end heating. 

Machines with a high level of flux require a relatively large volume of iron to carry 
the flux and a relatively small amount of copper to carry the stator and field currents. 
Such machines tend to be larger and more costly to build. Machines with a low level of 
flux require a relatively small volume of iron to carry the flux but a relatively large 
volume of copper in their windings. Such machines are termed “copper rich,” and they 
increase the problem of heat removal from the windings. These machines tend to be 
smaller and less costly to build. 

The per-unit transient and subtransient reactances, which play a significant role in 
the electrical performance of the generator connected to the power system, tend to be 
low with high-flux levels. The higher-flux generator will, therefore, tend to have a 
somewhat better inherent transient stability. It will also tend to have higher per-unit 
transient currents during severe disturbances and, therefore, higher winding forces and 
torques, than a lower-flux machine. To limit fault currents in the generator and, hence, 
the forces and torques, minimum values of subtransient reactance are usually speci¬ 
fied. The subtransient reactance is a function of the stator leakage reactance and the ef¬ 
fects of the rotor amortisseur or damper winding. In large turbo-generators with solid- 
pole rotors, the winding effects are negligible and the amortisseur contribution very 
small. To achieve a required higher reactance, one can build a stator with more slots 
and make the slots deeper and narrower to set the stator bars further away from the air 
gap (see Fig. 2.8). This has the effect of increasing the short-circuit ratio and improv¬ 
ing stability, but requires a larger and more costly machine. 

Mechanically, the larger higher-flux generator will have a larger, likely longer, ro¬ 
tor. Balancing can be more difficult with these. The moment of inertia of the larger ro¬ 
tor will help limit overspeed on loss of load. 
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Fig. 2.8 Comparison of high- and low-reactance slot configurations. 


2.4 ELECTROMAGNETICS 

The electromagnetic circuits of both a two-pole and a four-pole turbo-generator are 
shown schematically in Figure 2.9a and b. The cross-sectional views presented in 
these figures show an airgap separating the slotted outer surfaces of both the rotor and 
the stator. The major elements of the magnetic circuit, as shown, are the solid steel ro¬ 
tor (including the rotor winding teeth/slots and poles and the main body below the slots 
and poles), the airgap (which constitutes the principal reluctance in the circuit), and the 
laminated steel stator core (including the stator teeth/slots and stator yoke below the 
slots). 




(a) 


(b) 


Fig. 2.9 (a) Two-pole generator flux pattern, (b) Four-pole generator flux pattern. 
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The airgap is the annular region between the rotor body and the stator core and 
probably has the largest influence on the electromagnetic design of the generator. Al¬ 
though the airgap is large to accommodate insertion of the rotor and its larger-diameter 
retaining rings, it is small in relative terms to the rest of the magnetic circuit of the gen¬ 
erator. It has a major influence with regard to the reluctance of the total magnetic cir¬ 
cuit and, hence, the overall stability of the generator. The airgap greatly affects the 
steady-state stability of the generator when connected to the power system by simple 
variation of the length of the space between the stator and rotor outer surfaces. The 
length of this airgap is used to determine the short-circuit ratio (SCR), which is calcu¬ 
lated as described elsewhere in this book. 

In practical terms, this means that the longer the airgap, the higher is the magnetic 
circuit reluctance, and, therefore, the higher the short-circuit ratio. Furthermore, the 
generator will tend to be more stable, producing higher ampere-turns (A-T) to achieve 
the required level of magnetic flux across the airgap. In real terms, this means more 
field current is required. 

A reasonable rule of thumb for the ampere-tums of the generator as a whole is that 
the airgap generally accounts for about 90% of the total ampere-tums produced by the 
rotor. The remainder of the iron in the total magnetic circuit uses the other 10% and yet 
accounts for the majority of the electromagnetic flux path. This is because of the high 
permeability of the iron and high reluctance of air or hydrogen in the airgap. There¬ 
fore, a larger generator is required for higher apparent power output if the SCR ratio is 
to remain constant. This is because a larger rotor is required to handle the extra field 
current for the higher output and the airgap would be required to be about the same 
size to maintain the constant SCR. The airgap always needs to be large enough to per¬ 
mit insertion of the rotor through the stator bore with sufficient clearance for safe han¬ 
dling, taking into account the larger diameter of the retaining rings. This may limit the 
minimum possible SCR in some generators. 

Electromagnetic finite element analysis is the preferred method to determine the ac¬ 
tual magnetic field and its distribution in the machine. An example of a two-pole gen¬ 
erator analysis on an open circuit is shown in Figures 2.10a and b, and at full load in 
Figures 2.11 and 2.12. 

Although detailed generator design work usually requires finite element analysis 
for accuracy and refinement, for some calculations such as the required excitation 
level for a flux test on the generator stator core, a hand calculation of the total mag¬ 
netic flux per pole in the generator is all that is needed, and it is determined as fol¬ 
lows: 


Machine flux, $ = 


_ 


7.7#wA^ph 


webers 


where 

^LL = line-to-line stator terminal voltage in volts 
k = number of stator winding parallel paths per phase 
/ = frequency 
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Fig. 2.10 (a) Two-pole generator, open-circuit flux distribution, (b) Two-pole genera¬ 
tor, open-circuit flux density distribution. (See color insert.) 
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Fio. 2.11 Two-pole generator, full load current density and flux distribution. (See col¬ 
or insert.) 
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Fig. 2.12 Two-pole generator, full load flux and flux density distribution. (See color in¬ 
sert.) 


= stator winding factor (includes pitch and distribution) 
Afph = number of stator winding turns per phase 


Note: The winding factor of the machine is largely concerned with reducing har¬ 
monic effects and wave shaping. It is comprised of the pitch and distribution factors 
(see Fig. 2.13). The pitch factor is determined from a winding diagram and depends on 
the number of slots separating the distance (the coil span) between connection from 
top and bottom bars in series, that is, a top bar in slot 1 connected to a bottom bar in 
slot 20 for a 48 slot, two pole, two parallel path machine would have a pitch of 19/24. 
The distribution factor is concerned with the arc distance over which the top and bot¬ 
tom bars for one pole of the winding are distributed, that is, the number of stator bars 
on one side of a parallel path in the winding as distributed over the total number of 
slots in the machine, or the eight top bars and the eight bottom bars per parallel side in 
the 48 slot machine example, would be distributed over 12 slots. The distribution fac¬ 
tor is the ratio of the vector sum divided by the arithmetic sum of the stator coil emf s 
for this distribution. 

To work out the winding factor {kf) from the pitch {k^) and distribution {kf) factors, 
the following formula is used: 


/Cw = ^ = 


sin(/3/2) 
T] sin(y2) 


X sin(p7r/2) 
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Fig. 2.13 Two-pole generator winding configuration showing pitch and distribution 
factors. 


where 

j3 = Wnumber of phases = WS 

T] = number of slots/number of poles/number of phases 
y = T7/(number of slots/number of poles) 
p = stator winding pitch (from winding diagram) 

The above formulas provide the basic level of machine flux required to achieve rat¬ 
ed line-to-line terminal voltage in a generator, given a specific winding configuration. 
This formula will be elaborated on in Chapter 11 and an example provided for deter¬ 
mining excitation levels in a flux test. 

In the open-circuit example of Figure 2.10, the flux pattern is completely symmetri¬ 
cal about the pole axis of the rotor. Although the flux path includes the stator, the sta¬ 
tor winding is on open circuit, and no current is flowing. Therefore there is no back 
emf (electromotive force) from the stator winding, and no electromagnetic torque cou¬ 
pling between the stator and rotor windings, and hence no load angle. 

In the case where the generator is connected to the system, there is current in the 
stator winding (see Figs. 2.11 and 2.12), and significant torque is developed. As the 
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turbine drives the rotor (in the counterclockwise direction in the example shown), the 
electromagnetic coupling between the stator and rotor windings tries to pull the rotor 
back in line with the axis of the stator poles. This difference in position of the stator 
and rotor pole axes creates a load angle that can be varied by changing the power out¬ 
put from the turbine and the field current for magnetic coupling between the stator and 
rotor. Increased field current pulls the rotor back toward the direct axis in the clock¬ 
wise direction. 

Generators are made with different power factor ratings. The most common are 
0.90 and 0.85 lagging. Two machines of the same MVA rating will have different ca¬ 
pability design parameters for the two different power factors. The 0.85 power factor 
machine will require more field current to achieve the same power at the 0.85 power 
factor. Hence, the machine is somewhat larger to accommodate a rotor that can handle 
more field current and is more costly to build. It is easy to see that design optimization 
to make the best utilization of the magnetic materials is a design priority. 

The flux density becomes the driving factor for the amount of stator core materi¬ 
al that is required. As can be seen from Figure l.lQb and Figure 2.12, the flux den¬ 
sities are different between open circuit and full load, but only marginally higher on 
load. However, there is considerable redistribution of the flux when the machine is 
on load, due to the stator currents. On open circuit, the stator core does not approach 
the electromagnetic loss limits of the iron, which are typically in the 2 tesla range in 
the stator teeth and under 1.5 tesla in the stator core back. Higher densities will be 
found in the rotor, but they are dc and magnetostatic in nature, and so do not cause 
high losses. That is to say, they are unidirectional as far as the rotor is concerned and 
so there are no hysteresis or eddy current losses in the rotor body due to the main 
flux. It is the alternating effect in the stator that designers are concerned with in this 
instance. Heating of the rotor components is a concern, but more for the effects of 
parasitic rotor surface and negative-sequence heating, as well as losses generated in 
the nose of the retaining ring due to the stator slot ripple effect (i.e., the variation of 
the main field due to the slotting of the stator). These will be discussed later in the 
book. 


2.5 END-REGION EFFECTS AND FLUX SHIELDING 

In addition to the electromagnetics of the main flux distribution across the airgap and 
in the main body of the stator and rotor, there are end-region effects of the flux pro¬ 
duced. The end-region effects arise from the end windings of the stator and rotor, and 
the core-end fringe effects, as shown in an example of a magnetostatic finite element 
analysis of a generator end-region in Figure 2.14. The stray fluxes from these effects 
enter the stator core in the teeth and just behind the bottom of the slot, in an axial di¬ 
rection, and induce eddy currents in the core teeth the back of the core (see Fig. 
2.15). In addition, the axial flux quickly turns in the direction of the main radial flux 
and adds to it. Hence, from this additional flux there is additional heating in the core 
ends (due to the sum of the main and stray fluxes and eddy-current heating) and 
magnetic saturation of the core end. Both effects vary with the power factor and ro- 





Fig. 2.15 View in 3D of the stray end effects of the magnetic field on the stator core 
end. 
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tor angle of the generator because of the change in interaction between the stator and 
rotor magnetic fields. In the lagging power factor range, these two fluxes tend to op¬ 
pose and reduce the heating effect. In the leading power factor range, the fluxes tend 
to sum up (vector summation) and create higher losses in the core end (see Figs. 2.16 
and 2.17). 

To compensate for the increased heating effect, special slotting, stepping of core 
packets, and ventilation methods are employed on the core ends. In addition, special 
flux shielding or shunting is employed to stop excessive flux from entering the core in 
the axial direction. This is also shown in Figure 2.14. 

Another design feature shown in Figure 2.14 is the thinner end packets of the stator 
core. These packets are usually much thinner than the main core body packets and 
there is more ventilation in this area. The thinner packets and increased ventilation add 



Fig 2.16 The figure schematically shows the end portion of both stator and rotor 
windings. In both cases, the end-winding have a component perpendicular to the axis 
of the generator. This component gives origin to an axial flux, part of which impinges 
on the stator core-ends. For simplicity-sake, the rotor-produced axial flux is shown on 
the top half of figure, and the stator-produce flux is shown on the bottom half of the 
figure. Obviously both fluxes act together in all regions of the end-core. 
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Fig. 2.17 The rotor- and stator-produced axial fluxes shown in Figure 2.16 are repre¬ 
sented in this figure as vectors. The representation includes three cases. Case (a): No- 
load operation. In this condition, the only contribution to end-core flux is from the rotor 
(<^r), which at rated voltage equals ((^), the total end-core axial flux (represented by 
the thick arrow). Case (b): Lagging operation. In this condition the rotor is overexcited, 
that is, most of the airgap flux (and end-core axial flux) is produced by the field wind¬ 
ing. The stator-produced flux tends to oppose the rotor’s flux (this phenomenon is 
called the armature reaction). The resulting total axial flux at the end-core region is 
somewhat smaller than in the no-load case. Case (c): Leading operation. In this condi¬ 
tion the rotor is underexcited, that is, most of the airgap flux (and end-core axial flux) is 
due to the armature reaction. The resulting total axial flux at the end-core region is 
larger than in the other modes of operation. As the generator is made more and more 
underexcited, the end-core axial flux resultant increases to the extent that harmful 
temperatures of the core ends are reached. 


to the magnetic reluctance of the core end in the axial direction and help reduce the 
tendency for flux to penetrate the core end axially. 

The flux shielding depicted in Figure 2.14 is done with the use of copper, since it is 
a good conductor of electrical current but a poor conductor of magnetic flux. The flux 
shield can be either isolated from ground or grounded to the core-end clamping plate. 
Eddy currents are induced in the core-end flux shield or screen and cause the copper 
shield to heat up (See Fig. 2.18). The flux shield requires cooling because of the losses 
generated and this can be either gas or water cooling. The copper flux shield reduces 
the axial flux into the core end and the losses in the core that would otherwise result. 
Thus, high losses are generally associated with the flux shield and show themselves in 
a significant heating effect in that component. This is accounted for in the core-end de¬ 
sign and the cooling circuit. 

One additional design feature employed on most generators, in the core end, to re¬ 
duce the higher losses in the stator teeth, is to split the teeth into smaller sections by 
cutting slits in the radial direction, away from the slot bottom (See Fig. 2.19). This re¬ 
duces the eddy current effect in the teeth and, hence, the losses and heating effect. The 
slitting is usually done up to an axial distance into the core of about six inches (15 cm). 
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Fig. 2.18 Eddy-current heating in the flux screen and retaining ring nose are shown 
by the shaded areas from an eddy-current finite element analysis where there are in¬ 
creased losses. The loss in the retaining ring nose depends on the stator slot harmon¬ 
ics and, therefore, is a function of the distance between the nose of the retaining ring 
and the stator core, and the width of the stator slots and core teeth. 



Fig. 2.19 Slitting of the stator teeth in the stepped end region of the core. 
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more or less, depending on the overall end-region design. The number of slits per tooth 
may also vary from one to three, generally. 

The other method of shielding the axial flux from the core end is to use a flux shunt 
(See Fig. 2.20). This is done with a highly magnetically permeable and laminated 
arrangement of additional coreplate that diverts end-region flux from the core end, to 
avoid excessive heating in the stator-core iron. The high losses produced in the flux 
shunt are accounted for in the core-end design and cooling circuit of the machine. 

Another significant end-region effect that can occur in a machine is back-of-core 
burning. This occurs when there is arcing at the core back between the core and key- 
bar. To stop arcing from occurring, a shorting-strap is welded from keybar to keybar 
around the circumference of the stator and at both ends (see Fig. 2.21). Essentially, 
these straps short any currents flowing in the keybars to the adjacent keybar, as in a 
squirrel-cage rotor type of arrangement. This keeps the currents from flowing through 
the core when passing from keybar to keybar. The currents in the keybars are due to 
the main flux leaking out of the back of core and linking the keybars (see Fig. 2.15). It 
is more pronounced in the core-end region because of the additional flux present in 
that region of the machine. The actual core back burning occurs when there is current 
interruption between the core and the keybars due to vibration effects. Core and frame 
vibration, especially when the two components are vibrating out of phase, causes a 
make-and-break contact at the core ends where the keybar currents try to transfer to the 



Laminated 
Flux Shunt 


Fig. 2.20 Laminated flux shunt on the stator core end. 
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Fig. 2.21 Keybar shorting strap. 


next keybar, circumferentially, and arcing and burning results. If positive contact were 
maintained, no burning would occur. 

One of the other reasons to ensure that the core end is well flux shielded is so that it 
does not become oversaturated in magnetic flux. Oversaturation has the effect of in¬ 
creasing back-of-core burning, especially in the leading power-factor range. 


2.6 STATOR CORE AND FRAME FORCES 

As discussed above, the principle function of the stator core is to carry electromagnet¬ 
ic flux. The core must handle magnetic field flux densities in the stator teeth and in the 
core-back or yoke area. The magnetic field is revolving, so it creates an alternating 
voltage and current effect in the generator components, which is a source of high loss¬ 
es and heating. This alternating effect also causes vibration of the core at the rotational 
frequency and with harmonics, due to the nature of the flux patterns. In a two-pole 
generator, the driving frequency is 60 (50) Hz and there is a 120 (100) Hz (twice per 
revolution) component due to the four-node pattern of the flux and the rotational speed 
of 3600 (3000) rpm. In a four-pole machine, the driving frequencies and harmonics 
produce the same result as in the two-pole machine, due to the rotational speed being 
half that of the two-pole machine [i.e., a rotational speed of 1800 (1500) rpm] and an 
eight-node pattern is produced. 


2.7 STATOR WINDINGS 
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The four- and eight-node patterns can be seen in Figure 2.9a and b, where there are 
two and four areas of high-flux density in the core-back area and two and four areas of 
minimum density, at any given point in time, as the flux patterns rotate at the rated 
speed. This causes the core to be distorted by the electromagnetic pull, in and out, in 
the radial direction. The result is vibration of the core and, subsequently, the frame. 
Because of the difference in the nodal patterns between the two- and four-pole ma¬ 
chines, the vibration levels of the four-pole machine is substantially less than the two- 
pole. The vibration level of a four-pole machine can be as low as 10% that of a two- 
pole machine. 

Because of the inherent vibration and the large forces involved, the core must be 
held solidly together so that there are no natural frequencies near the once- and twice- 
per-revolution forcing frequencies. Designers take great care to ensure that the natural 
frequencies of the core are not near 60 (50) or 120 (100) Hz. It is desirable to keep the 
natural frequencies at least (20% away from the once- and twice-per-revolution fre¬ 
quencies. 

There also is a large rotational torque created by the electromagnetic coupling of 
the rotor and stator across the airgap. This is in the direction of rotor rotation. The 
torque due to the magnetic field in the stator core iron is transmitted to the core frame 
via the keybar structure at the core back. Therefore, the stator frame and foundation 
must be capable of withstanding this torque, as well as large changes in torque when 
there are transient upsets in the system or the machine. Instantaneous changes can 
cause impacting between the core and frame components, and severe damage can re¬ 
sult if the structure is not designed to handle these massive forces. 

The natural vibration inherent in the core must also be accounted for in the core-to- 
frame coupling. Heating and cooling effects in the core and frame materials will also 
affect this coupling and vibration, due to differences and rates of thermal expansion 
and contraction in the core and frame components. Impacting and looseness between 
the core and the frame will allow arcing to occur between the keybars and core. Make- 
and-break contact at the core-to-keybar interface can result in significant burning at the 
core back and melting of the core iron, in addition to back-of-core leakage flux and 
end-iron effects. Again, shorting straps are employed at the back of core to short the 
current flowing in the keybars. Therefore, if the core-to-keybar contact is not suffi¬ 
cient, arcing and burning may occur. 


2.7 STATOR WINDINGS 

The stator winding is made up of insulated copper conductor bars that are distributed 
around the inside diameter of the stator core, commonly called the stator bore. The 
winding is installed in equally spaced slots in the core to ensure symmetrical flux link¬ 
age with the field produced by the rotor. Each slot contains two conductor bars, one on 
top of the other (see Fig. 2.22 and Fig. 2.23). These are generally referred to as top and 
bottom bars. Top bars are the ones nearest the slot opening (just under the wedge) and 
the bottom bars are the ones at the slot bottom. The core area between slots is general¬ 
ly called a core tooth. 
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Fig. 2.22 Stator slot cross section with “indirectly cooled” stator bars and wedging 
system installed. 


The stator winding is then divided into three phases, which are almost always wye 
connected. Wye connection is done to allow a neural grounding point and for relay 
protection of the winding. The three phases are connected to create symmetry be¬ 
tween them in the 360 degree arc of the stator bore. The distribution of the winding 
is done in such a way as to produce a 120 degree difference in voltage peaks from 
one phase to the other, hence the term “three-phase voltage.” Each of the three phas¬ 
es may have one or more parallel circuits within the phase. The parallels can be con¬ 
nected in series or parallel, or a combination of both if it is a four-pole generator. 
This will be discussed in the next section. The parallels in all of the phases are es¬ 
sentially equal, on average, in their performance in the machine. Therefore, they each 
“see” equal voltage and current, and magnitudes and phase angles, when averaged 
over one alternating cycle. 

The stator bars in any particular phase group are arranged such that there are paral¬ 
lel paths that overlap between top and bottom bars (see Fig. 2.24). The overlap is stag- 
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Fig. 2.23 Stator slot cross section with “direct water cooled” stator bars and wedging 
system installed. 


gered between the top and bottom bars. The top bars on one side of the stator bore are 
connected to the bottom bars on the other side of the bore in one direction, whereas the 
bottom bars are connected in the other direction on the opposite side of the stator. This 
connection with the bars on the other side of the stator creates a “reach” or “pitch” of a 
certain number of slots. The pitch is, therefore, the number of slots that the stator bars 
have to reach in the stator bore arc, separating the two bars to be connected. This is al¬ 
ways less than 180 degrees and it is done to assist in reducing the harmonics induced in 
the stator winding. 
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Fig. 2.24 stator end winding showing a two-pole winding overlap in the ends and the 
phase connectors at the excitation end of the stator. 


Once connected, the stator bars belonging to the same phase form a single coil or 
turn. The total width of the overlapping parallels is called the “breadth.” The combina¬ 
tion of pitch and breadth create a “winding or distribution factor.” The distribution fac¬ 
tor is used to minimize the harmonic content of the generated voltage. In the case of a 
two-parallel-path winding, these may be connected in series or parallel outside the sta¬ 
tor bore, at the termination end of the generator (see Fig. 2.24). The connection type 
will depend on a number of other design issues regarding current-carrying ability of 
the copper in the winding. This will be discussed in the next section. 

In a two-parallel-path, three-phase-winding, alternating voltage is created by the ac¬ 
tion of the rotor field as it moves past these windings. Since there is a plus and minus, 
or north and south, to the rotating magnetic field, opposite-polarity currents flow on 
each side of the stator bore in the distributed winding. The currents normally flowing 
in large turbo-generators can be on the order of thousands of amperes. Due to the very 
high currents, the conductor bars in a turbo-generator have a large cross-sectional area. 
In addition, they usually have one single turn per bar, as opposed to motors or small 
generators that have multiple-turn bars or coils. These stator or conductor bars are also 
very rigid and do not bend unless significant force is exerted on them. 

The high current capacities of copper in the stator bars generate significant heat. 
The losses due to the flowing currents are called PR losses in the winding. Controlling 
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the losses in the stator winding requires careful design consideration because of the 
variance in magnetic field from the stator bore toward the slot bottom. The magnetic 
field tends to be more intense toward the top of the slot and, therefore, the top bars 
generally produce more heat than the bottom bars. Within the bars themselves, there 
are also eddy currents flowing in each bar caused by the localized-leakage magnetic 
field. 

To reduce the effect of the eddy currents within each individual stator bar, the con¬ 
ductors are made up of numerous copper “strands” (see Fig. 2.25a, b, and c). This is 
similar to the reasoning behind the stator core being made up of laminations rather 
than a solid mass of steel. However, although the strands are insulated from one anoth¬ 
er in the bar, they are eventually connected at each end of the stator bar. Therefore, ad¬ 
ditional circulating current could flow from the top to the bottom strands in a single 
bar. This is due to the difference in the magnetic field from the top to bottom of the 
slot. To reduce the effect of the circulating currents, the strands are “Roebel trans¬ 
posed” in each bar (see Figs. 2.26 and 2.27). Roebel transposition of the copper strands 
refers to the repositioning of each strand in the stator bar stack such that it occupies 
each position in the stack at least once over the full length of the stator bar. 

Roebel transpositions are mainly 360 and 540 degree. A 360 degree transposition 
means that each strand occupies each position once over the length of the bar, and a 
540 degree transposition means that each strand occupies each position one-and-a half 
times. The 360 transposition is generally done in the slot only and the 540 transposi¬ 
tion is done out to the very ends of the stator bars, and in the curved end-winding por¬ 
tion as well. 

There is another problem with circulating currents that occurs in double-stack stator 
bars, that is, designs where there are two separate Roebel-transposed stacks side by 



(a) (b) (c) 


Fig. 2.25 Stator conductor bar cross sections, (a) Indirectly cooled stator conductor 
bar; (b) directly gas-cooled stator conductor bar; (c) directly water-cooled stator con¬ 
ductor bar. (Courtesy of General Electric.) 
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Fig. 2.26 Roebel transposition, 3D view. (Courtesy of General Electric.) 


side, thus giving four strand widths in the bar. Although it appears that the stacks are 
so close together that there would be no difference in magnetic field from one side of 
the bar to the other, this is not true. In fact, there is a significant difference, because the 
magnetic field does cut between the stacks such that a certain amount of circulating 
current occurs in a double-stack stator bar. The amount of circulating current from one 
stack to the other in a single bar can cause temperature differentials from on stack to 
the other up to 10°C on average. Figure 2.28 shows a normal type of temperature pro¬ 
file for a double-stacked stator bar with separate Roebel transpositions for each stack. 
The temperature difference from one side to the other has the overall effect of reducing 



Fig. 2.27 Roebel transposition map. (Courtesy of Alstom Power Inc.) 
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Fig. 2.28 Temperature profile of a double-stack stator bar with separate Roebel 
transposed stacks. The average temperature difference between side A and side B of 
the bar example shown is about 10°C. (Courtesy of Alstom Power Inc.) 


the available stator current output because the maximum hot-spot temperature is raised 
by about 10°C during operation. Obviously, eliminating this temperature difference 
would allow higher output from the same slot dimensions of a bar if the temperature 
hot spots could be reduced. 

A method has been developed that does allow for a more even temperature distribu¬ 
tion across the strand stack and it is termed cross roebel (see Fig. 2.29). The method 
simply has all strands transposed such that they occupy both sides of the bar stack and 
not just one side. In this method, the two strand stacks are balanced electromagnetical- 
ly from side to side as well, and this eliminates the stack-to-stack circulating currents 
(see Fig. 2.30). 

There are many ways of designing stator conductor bars, depending on the size and 
cooling method required for the machine. Cooling is particularly critical in designing 
machines for higher outputs. In this regard, direct cooling is the most desirable type of 
cooling because it increases the generator stator’s current-carrying capability consider- 



Fig. 2.29 Cross Roebel transposition of a double-stack stator bar. (Courtesy of Al¬ 
stom Power Inc.) 
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CROSS ROEBEL BAR 

°C Temperature Profile for Cross Roebel Transposition 
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Fig. 2.30 Cross Roebel transposition-temperature profile of a double-stack stator 
bar. All cooling strands are temperature equalized due to the elimination of stack-to- 
stack circulating currents. (Courtesy of Alstom Power Inc.) 




ably. The advantage of this is to reduce flux levels and, hence, the physical size and 
weight of the generator. The basic limit for conventionally cooled generators (i.e., in¬ 
direct cooling with gas) is generally in the 400 MVA range. However, there are now 
newer high thermal conductivity ground-wall insulation systems that are reported to 
allow up to 600 MVA [1]. With direct conductor cooling it is now possible to build 
generators up to 1900 MW [2]. 

In indirectly cooled machines, the strands within the conductor bars are all solid 
and the heat generated in the conductors is removed by conduction through the 
ground-wall insulation to the stator core. The size of the generator is significantly 
limited by the temperature conduction through the ground-wall insulation to the sta¬ 
tor core. 

In directly gas-cooled bars, the gas passes from end to end in rectangular ducts with 
low conductivity and nonmagnetic metal walls. These cooling ducts are insulated from 
the copper conductor strands since they are assembled within the conductor bar stack 
alongside the actual electrical conductors. This type of direct cooling is more effective 
than indirect cooling, which is dependent on heat transfer through the ground-wall in¬ 
sulation, and allows a large-output machine to be built. 

In direct water-cooled bars, the copper strands are made hollow, to carry liquid 
coolant. The stands are generally rectangular in shape to allow stacking and they are 
each individually insulated from one another and Roebel transposed. There are numer¬ 
ous different stator bar stand arrangements, including all hollow strands and a mix of 
solid and hollow (see Fig. 2.31a, b, and c). In the mixed arrangement, the hollow 
strands are evenly interspersed among solid strands. The solid stands are generally 
thinner so that they may have lower eddy-current loss. It is also possible to make them 
thinner because there is no concern of crushing the coolant path and restricting coolant 
flow. The strands can be arranged in various combinations to produce more efficient 
winding designs and, hence, even larger-output generator designs than with direct gas- 
cooled windings. 
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(a) (b) (c) 


Fig. 2.31 Various stator bar designs for directly cooled generators, (a) Single stack— 
all hollow strands; (b) single stack—mixed strands; (c) double stack—mixed strands. 


In directly cooled stators, it is possible to increase the current density in the copper 
winding of the stator to achieve higher ratings. Trade-offs are also made between slot 
sizes and winding configurations to find the optimum terminal voltage level versus the 
current flowing in the stator winding, all in consideration with keeping magnetic flux 
densities in the stator iron at manageable levels. 

Because the stator current densities in directly cooled windings are so much higher 
than in indirectly cooled windings, designers must also consider the effect of transients 
and temperature rise. Considerations of reactance and stability also come into play 
and, therefore, so do short-circuit ratio and excitation performance. 

Some modem generator designs mix solid copper stands for conduction of the elec¬ 
trical current and hollow stainless steel strands for carrying the coolant (see Fig. 2.32). 
This design has been in service for the last 30 years and has been successful. The use of 
stainless steel strands for cooling has eliminated certain industry problems of copper 
erosion and corrosion in the stator bars. The mixed steel and copper stator bars also tend 
to be more rigid than fully copper bars and allow higher wedging pressures in the slot. 

In direct water-cooled machines, the cooling method dictates the need for an exter¬ 
nal system to remove the heat picked up by the stator cooling water after it passes 
through the stator winding. Therefore, an external system is attached to the generator 
that employs heat exchangers to accomplish this function. To circulate the water, 
pumps and a piping system are provided. In addition a filtering system is provided to 
remove any large particles suspended in the SCW (stator cooling water) that can cause 
blockage within the stator windings inside the generator. Since the water is in contact 
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Fig. 2.32 Stainless steel cooling strand type of bar. (Courtesy of Alstom Power Inc.) 


with current-carrying copper conductors, which are also operating at voltage levels 
from ground potential up to 27 kV, the water must be kept absolutely as pure as possi¬ 
ble to avoid flashovers by conduction through the water. To maintain pure water, a 
deionizing system is provided. 

The basic functions of electrical insulation in the stator winding are to maintain 
ground insulation between the conductors and the stator core and other grounded ob¬ 
jects, and to maintain insulation between turns of multitum coils and between the 
strands within a turn. 

The ground-wall insulation must be designed to withstand line-to-line ac voltages 
over the entire life of the generator. In addition, it must be capable of withstanding 
overvoltages from system faults. The turn insulation must withstand normal coil volt¬ 
age over its lifetime, with substantial short-time overvoltages in the event of a steep- 
front voltage surge. Strand insulation is exposed to only a few volts with brief over¬ 
voltages during occasional high-current transients. 

A high-resistance coating or “semiconducting” system is applied to the ground in¬ 
sulation in the slot to control the voltage distribution over the length of the slot (see 
Fig. 2.22 and Fig. 2.23). In addition, a special “grading” system is applied to the bars 
over a short distance of several inches at the bar exit from the slot, at the end of the 
core, to produce a gradual voltage drop in the end winding and prevent destructive 
electrical discharges in the transition area from the ground potential at the core to high 
voltage levels out in the end winding. To ensure good contact between the stator bar 
and the core in the slots, a side-packing filler is also generally inserted along side both 
top and bottom stator bars (see Fig. 2.22 and Fig. 2.23). The side filler is impregnated 
with semiconducting material to assist with the electrical contact to the stator core. The 
base material is usually made up of strong resin-filled woven glass material. It may be 
a flat piece (See Fig. 2.33), but a ripple-spring filler is now commonly used to ensure 
continual pressure and contact (see Fig. 2.34). 



2.8 STATOR WINDING WEDGES 


73 



Fig. 2.33 Flat side-packing piece with semiconducting impregnation. 


Due to the current flowing in the stator bars, there is a reaction force in each slot, 
which varies according to the level of current and direction of flow at any instant. This 
creates forces between bars that are both repulsive and attractive at any give time in the 
alternating cycle. Therefore, the slot section of a stator conductor bar “sees” significant 
and constant vibration forces at the twice-per-revolution frequency. This is due to the 
“cross-slot” flux produced by the normal load current. The stator bars tend to vibrate in 
the slot, a phenomenon called “bar bouncing.” Therefore, the stator bars must be tight¬ 
ly wedged in the slot to minimize the relative motion and avoid fretting damage from 
contact against themselves and the stator core and bar packing systems. Stator wind¬ 
ings have been known to fail quickly once they becomes loose in the slot. 


2.8 STATOR WINDING WEDGES 

There are many different wedging systems employed by different manufacturers, but all 
have the common purpose of keeping the stator bars tight in the slot (see Figs. 2.35-38). 



Fig. 2.34 Side-packing ripple spring with semiconducting impregnation. 
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Fig. 2.35 Single-piece flat stator slot wedges. 



Fig. 2.36 Double-piece tapered stator slot wedge system. 



Flo. 2.37 Four-part stator-slot wedge system with channel wedge two tapers and ra¬ 
dial ripple spring. 
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Fig. 2.38 Concave/convex stator-slot wedging system. (Courtesy of Alstom Power 
Inc.) 


Stator-bar bouncing is one of the reasons that ensuring that stator wedges are tight 
in the slots is so important. The resulting vibrations of the bars in the slot due to loose¬ 
ness can quickly wear the ground-wall insulation on the bar right through to the copper 
and cause a stator ground-fault failure. 

Maximum instantaneous bar bounce force per unit length of stator bar in the slot 
occurs when top and bottom bars in the same slot are in phase and carrying maximum 
stator current: 


Total bar bounce force, iT’,opbar+ i ^bottom bar 


where 
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where 

jjbQ = 477 X 10“^ H/m 

/ = stator phase current in amperes 

Ws = stator slot width in meters 

k = number of parallel stator circuits per phase 
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This force is toward the bottom of the stator slot and is also sinusoidal in nature, due 
to the fact that it is proportional to the current squared. This further means that the 
force is associated with a twice-per-revolution forcing function and produces vibration 
at 120 (100) Hz, similar to the vibration forces on the stator core and frame. Since the 
magnetic field in the slot is highest near the top of the slot and diminishes toward slot 
bottom, it can be shown that the resulting difference between the forces on the top and 
bottom bars is substantial. In fact, the top bar forces are three times that of the bottom 
bar forces when both bars are in the same phase. The net effect for maximum bar 
bounce forces is described above. 

Wedging of the stator bars, however, is not strictly concerned with just the bar 
bouncing effects. Since there is considerable heat generated in a stator bar, there are 
also thermal expansion and contraction and insulation shrinkage issues to consider. 
Thermal expansion and contraction can easily loosen bars in the slot if they are not 
wedged properly, and the heat impact on the insulation systems can also be a factor if 
the insulation is not preshrunk prior to wedging. 


2.9 END-WINDING SUPPORT SYSTEMS 

In addition to the slot, significant forces are present in the end regions of the stator 
winding as well. The end-winding geometry is also complex and requires a support 
structure that is flexible in certain modes and stiff in others, all at the same time, to re¬ 
strain the end winding under all modes of normal and abnormal operation. In addition, 
the strong electric fields in the end region require that nonconducting supports be used. 
Most support systems use blocks, tension devices, and rings, which together with the 
bars themselves form a substantially rigid structure. Support in the radial direction is 
generally made to be very stiff, to keep vibration levels minimized. In the axial direc¬ 
tion, it is required that the end-winding structure be allowed to move axially to accom¬ 
modate the axial thermal expansion of the slot section of the winding. 

Sudden phase-to-phase short circuits are the most significant transient behaviors in 
which excessive forces are developed in the stator winding. These must be accounted for 
in the design of the winding and in its support structures in the slot and the end windings. 
Spacers, blocks, and wedges associated with the stator end winding should be made of 
material that will not buckle, shrink, absorb moisture, or otherwise allow the windings 
to become loose and unsupported. All parts of the stator end winding and associated 
connections and support structures should be designed so that they will be capable of 
withstanding full line-to-line and three-phase short circuits at the generator terminals. 

Vibration forces in the end winding of a large turbine generator under normal load 
are also high, and must be kept under control to ensure that there is no wear incurred 
on the end-winding as a consequence of rubbing or impacting. Thermal cycling and 
shrinkage effects can also promote advanced loosening and high vibration. The maxi¬ 
mum vibration level of the end windings and associated support structures, once the 
machine is installed and operating, should be less than 50 p.m peak to peak. This is un¬ 
filtered, with no natural resonances in the frequency ranges of 50-75 Hz and 100-140 
Hz for a 60 Hz system (40-65 Hz and 80-120 Hz for a 50 Hz system). 
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Figure 2.39 is a schematic representation of a direct water-cooled stator’s end wind¬ 
ing and support system. Figure 2.40 shows the end-winding support system of an indi¬ 
rectly cooled two-pole stator and Figure 2.41 shows the end-winding support system 
of a direct water-cooled four-pole stator. 


2.10 STATOR WINDING CONFIGURATIONS 

Stator windings are designed with a trade-off between operating voltage and current- 
carrying ability. This goes back to the basic MVA relationship, which is a combination 
of the stator terminal voltage and the stator winding current. For the same level of 
MVA, as the terminal voltage of the winding is increased, the stator current required is 
reduced. The opposite is also true. As the terminal voltage is reduced, the stator current 
would have to be increased to keep the MVA rating constant. 

The above relationship has significant consequences for generator design, but it is 
also quite useful in allowing optimization of any particular generator design. For in¬ 
stance, a two-pole generator may have each of the two parallel circuits of each phase 
of the stator winding connected as two parallel paths (see Fig. 2.42a) or as two paths 
connected in series (see Fig. 2 Alb). If the connection is parallel, the terminal voltage 
tends to be lower and the stator current higher. For the same MVA rating, if the con¬ 
nection of the stator winding is in series, the terminal voltage will be higher and the 
current lower. The physical consequence of this is that the higher voltage machine re¬ 
quires a thicker ground-wall insulation to withstand the higher voltage. For the paral- 



Fig. 2.39 Stator end-winding support system. (Courtesy of General Electric.) 
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Fig. 2.40 End-winding support system of an indirectly hydrogen-cooled two-pole tur¬ 
bo-generator. 



Fla. 2.41 End-winding support system of a direct water-cooled four-pole turbogener¬ 
ator. 
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ABC 



ABC 



Fig. 2.42 Types of parallel-series winding combinations for a two-pole generator. 


lel-connected winding, there would need to be a large amount of copper and increased 
cooling to accommodate the higher stator current. 

In four-pole machines there are four parallel paths in the stator winding. The two 
most common winding connection configurations are all four parallels connected in 
parallel (see Fig. 2.43), and two parallel paths comprised of two of the parallels con¬ 
nected in series (see Fig. 2.44). There are some four-pole machines, however, that 
have special jumper connections to arrange the four poles in a three parallel path 
arrangement (see Fig. 2.45). All of these issues and configurations described above al- 


A B C 




Flo. 2.44 Two parallel paths with two series. 
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Fig. 2.45 Three parallel paths. 


low flexibility in design to achieve a machine with a smaller overall size, lower cost, 
and lowest losses for best efficiency. 


2.11 STATOR TERMINAL CONNECTIONS 

All generators require a means to deliver the power produced inside the machine, out 
to the main transformer, via an isolated phase bus (IPB) system consisting of three in¬ 
dividually enclosed, high-voltage and high-current-carrying leads. Small combustion- 
turbine generators, mainly used for “peaking” purposes, often have cables between the 
generator terminals and the main step-up transformer. 

Since there are three phases in the generator, three-phase lead connections are re¬ 
quired, commonly called stator terminal connections. These are used to make the con¬ 
nection from the stator winding inside the generator, out through the generator frame 
and casing, to the isolated phase bus system. Each stator terminal carries the same cur¬ 
rent as the sum of the currents of all the parallels in a single phase. Therefore, the ter¬ 
minals are subject to high losses and heating, and in large units must be force-cooled 
as well. This is usually done either by the internal cooling gas in the generator casing, 
or by water-cooling as part of the stator winding cooling water system. Since the ter¬ 
minals are also at the rated voltage of the generator, they are insulated conductors, and, 
generally, the same type of materials used for the stator windings are used for the ter¬ 
minals as well (see Fig. 2.46). 

In addition to the high-voltage terminals, there are also three neutral terminals or 
bushings that make up the common connection point at the zero voltage or neutral ends 
of the stator winding phases. Although these are essentially at zero or ground potential, 
they do carry the full stator current that the high-voltage bushings carry and so must be 
given the same cooling as the high-voltage terminals. They are also insulated from 
ground, except at the actual connection or “star” point, to ensure no circulating cur¬ 
rents or faults occur anywhere else in the winding system. 

Furthermore, in all enclosed generators having an internal atmosphere of hydrogen, 
great care must be taken to ensure a gas-tight seal where the high-voltage and neutral 
bushings exit the stator casing. Hydrogen is a very dangerous gas and can self-ignite 
when it leaks from a pressure vessel. The flame is invisible by its nature. Also, any 
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Fig. 2.46 Generator terminal bushings. Current transformers (CTs) can also be seen 
around each bushing (three CTs per phase). 


leaking hydrogen can collect in the enclosure below the terminals and create an explo¬ 
sive mixture with the oxygen in the air in the compartment. Hydrogen and its contain¬ 
ment will be discussed further on in this chapter. 


2.12 ROTOR FORGING 

The rotor forging is generally a one-piece solid steel forging (see Figs. 2.47 and 2.48), 
but there are rotors built in sections and locked together in a spigot type arrangement. 
Two-piece rotors are no longer common due to the advanced technology in steelmak¬ 
ing and the ability to make even the largest rotor forging from a single-piece forging. 

The type of material used in rotor forgings is highly permeable magnetic steel to 
carry the flux produced by the rotor winding. And because the rotor is a dynamic com¬ 
ponent operating at high speed, the materials are highly stressed and must have consid¬ 
erable strength to carry the copper winding and operate under high mechanical and 
thermal loading. Very high stresses occur in the rotor-slot tooth roots, shrink-fit area, 
and, generally, where there are machined radii. The types of stresses that a rotor forg¬ 
ing is subjected to are high-strain, low-cycle mechanisms during start-up and shut¬ 
down; torsional stresses in operation and during faults; and high-cycle fatigue due to 
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Fig. 2.47 Two-pole forging. 



Fig. 2.48 Four-pole forging. 
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rotation and self-weight bending. Safety factors for stress are usually on the order of 
150% at 20% overspeed. This is done to ensure that cracks do not initiate in any part of 
the rotor under any of the types of modes of operation that the rotor might encounter. 

One of the difficulties in designing turbo-generator rotors is that they are very long, 
thin high-speed components. Two-pole rotors have greater length-to-diameter ratio 
than four-pole rotors, but, regardless, they both operate above the second critical 
speed. Balancing then becomes a critical issue for these types of rotors, in addition to 
the high stresses. The difficulty in achieving good balance arises from all the other 
components installed in the rotor forging that undergo thermal loading and that must 
be allowed to expand and move while in operation. Also, there are insulations systems 
that must do their job under high-speed operation. 

The forging acts as a main structure of the rotor, but has many different components 
installed to accomplish its overall function. Within the forging itself, there are the main 
body in which the rotor winding slots, pole-face crosscuts, and axial slots are machined; 
the shaft that is the main support for the rotor on the bearings; the turbine coupling; the 
hydrogen sealing surfaces; the main lead slots in the shaft; and the collector-ring assem¬ 
bly portion. Additional components mounted in or on the rotor consist of the copper (and 
very rarely aluminum) winding and insulation system, winding slot wedges, end-wind¬ 
ing retaining rings, balancing or centering rings, end-winding blocking, fans or blowers, 
main leads and terminal studs, collector rings, and a collector-ring cooling fan. 

The rotor main body of the forging consists of a pole area and slots machined axial¬ 
ly to carry the copper winding and associated insulation. Teeth are created between the 
machined slots, and these are highly stressed due to the loading of the copper when the 
rotor is at speed. Grooves or dovetails are machined axially near the top of the winding 
slots, to accommodate wedges that hold the copper winding and insulations in the slot. 
Therefore, the wedges are under high load as well when the rotor is at speed. 

It is the main body of the rotor forging that carries the flux, in both the body of the 
forging in the pole and under the winding area of the rotor. Because the flux is dc, only 
the magnetostatic saturation characteristics of the forging steel are relevant with re¬ 
spect to the main body of the rotor. The design of the rotor must ensure that there is 
enough magnetic material to carry the design level of flux for the generator and yet 
have enough material to accommodate all the stresses and loads discussed above. 
There are other ac flux effects that come into play, but these are associated with leak¬ 
age fluxes and interaction with the stator. These account for surface heating effects in 
the rotor forging and other installed components. Such ac effects arise from cross-slot 
leakage flux, negative-sequence operation, motoring, slip, and so forth. 

With regard to the cross-slot leakage flux, one of the issues designers must account 
for when selecting the size of the generator airgap is the width of the stator slots. Dur¬ 
ing operation, there is slot-to-slot leakage flux in the stator and it is important that this 
leakage flux not link with the surface of the rotor and cause additional and excessive 
pole-face losses. The way to avoid this is to ensure that the slot width of the stator is 
never larger than the airgap. Having the airgap shorter in length than the slot width will 
allow the slot to slot leakage flux to cross the airgap and link the next slot through the 
highly permeable steel in the rotor surface, causing additional losses there. Therefore, 
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the ratio of stator slot width to airgap length should be less than 1. This is one of the 
reasons many motor stators have nearly closed slots at the opening, so that the inher¬ 
ently small airgap of these machines can be achieved without concern for pole-face 
losses. Figure 2.49 shows the cross-slot leak flux effect in the airgap of a large genera¬ 
tor as compared to a motor. Figure 2.50 shows the cross-slot leak flux effect in the air- 
gap of a large generator when the airgap is smaller than the stator slot width. 

The shaft portion of the rotor forging supports the entire weight of the forging and all 
installed components of the rotor. The diameter of the shaft is chosen so that it will sup¬ 
port the rotor adequately under all modes of operation and maintain good vibration char¬ 
acteristics of the rotor and the entire turbo-generator line when coupled to the turbine. 
As mentioned previously, turbo-generator rotors generally operate above the second 
critical speed and the shaft diameter largely governs the natural frequencies of the rotor. 

Along with the natural frequencies of the rotor, diameter, plus the rotor mass and 
speed, also affect the rotor inertia. Rotor inertia is important during system events 
with regard to system stability and is used in determining some of the effects on the 
system interaction with the machine when transient events occur. It is generally deter¬ 
mined by the following relationship: 


0.231 X lO-e IFR27V2 
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Fig. 2.49 Cross-slot leak flux effect in a large generator airgap as compared to a mo¬ 
tor. 
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Fig. 2.50 Cross-slot leak flux effect in a large generator airgap when the airgap is 
smaller than the stator slot width. Pole-face losses will occur, causing rotor surface 
heating from induced parasitic currents. 


where 

W = rotor weight in kg 
R = radius of gyration in meters 

N = rotor speed in rpm 
MV A = generator apparent power 

The shaft sits in friction {sleeve) bearings, which must also be sized to adequately 
support the rotor. The interaction of the rotor in the bearings is critical to proper opera¬ 
tion of the rotor. Many issues must be considered, such as vertical and horizontal stiff¬ 
ness of the bearing supports, oil film thickness, shaft diameter, bearing length, torsion¬ 
al stresses, and alignment. All these things greatly affect what the critical speeds will 
be and the rotor balance. 

Within the rotor shaft, a borehole is often found machined at the center of the rotor 
forging through its full axial length. This was done mostly in the past because of impu¬ 
rities and porosity in the forgings, which tended to concentrate in the center. The bore¬ 
hole serves two purposes. The first is to remove the material defects and the second is 
to provide an access for performing boresonic (ultrasonic) inspection of the rotor bore. 
In modem forgings, the material manufacturing processes are so improved that a bore¬ 
hole is not generally required for the full length of the rotor. Forgings without bore¬ 
holes also have more magnetic material available to reduce the overall diameter neces¬ 
sary to achieve a specific rating, but this is generally marginal in effect. All machines 
have certain length of the shaft bored to accommodate the excitation bore bars (more 
about this later in this chapter). 
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One other important issue in forging design is shaft torsional oscillations. Special¬ 
ized torsional monitoring equipment has even been developed to monitor various gen¬ 
erator parameters to allow estimation of the effect of system-stress events on shaft life. 
Likewise, torsional oscillations are monitored with regard to unstable operation. Such 
things as power system sub synchronous resonance, sudden short circuits, and load re¬ 
jections can cause transient torques in the rotor and significantly affect forging life. 
These can stimulate torsional natural frequencies and cause the rotor to go unstable. 
Such events as subsynchronous resonances can even cause the stress in the shaft to go 
beyond the torsional endurance limit of the forging material. Failures due to this mech¬ 
anism have occurred in past. All these issues must be considered in designing the rotor 
forging. 

The torque on the rotor as seen at the rotor surface in the airgap is as follows: 

77 

Specific airgap torque (at rotor surface), T = BA — DJ^, N-m 


where 


pel) 

Flux density, B = ——-, webers/m^ 


Specific electric loading, A =-, A/m 

ttDj 


and 

P = number of poles 
<I> = flux per pole in webers 
= rotor diameter in meters 
L = core iron effective length in meters 
Aph = number of phases 
Ac = number stator conductors per phase 
4 = stator phase current in amperes 

The above formula is an elegant result derived from basic physical principles. How¬ 
ever, the typical user of a turbo-generator can make use of the following very simple 
expression for the shaft torque: 


Torque 


MW output 
Speed X Efficiency 


The efficiency of a typical turbo-generator is above 98%; thus, an approximate and 
conservative simplification of the equation yields: 


Torque = 


MW output 
Speed 
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Using SI units: 


Torque (Nm) 


KW output X 60,000 
277 RPM 


This torque on the rotor is significant and creates torsional stresses in the forging all 
along its length. The torsional stresses are difficult to analyze due to the complex 
geometry of the various sections of the rotor forging. Torsional stresses are basically 
shear stresses in the rotor shaft due to the twist in the forging that is created by the ac¬ 
tion of the rotor’s magnetic coupling to the stator magnetic field, as opposed to the op¬ 
posite force imposed by the steam flow to the turbine. Increasing the steam flow to the 
turbine causes the rotor load angle to increase and, hence, MW load to increase, and 
produces increased mechanical torque in the shaft. The magnetic coupling between the 
rotor and stator is what inhibits the rotor from running away and keeps the turbine gen¬ 
erator system in synchronous equilibrium. Increasing or decreasing the rotor magnetic 
field causes the load angle to increase or decrease, but does not actually change the 
torque applied, only the angle of the torque, or, in electrical terms, the power factor 
and reactive power output of the machine. 

In terms of the actual stresses created in the rotor forging, they are greatest in areas 
of smallest shaft diameter and where there are critical radii in the shaft. Also, there are 
rotor shafts with solid forgings and, in the past, forgings with a hollow bore along the 
entire length. Generally, the only real way to work out rotor stresses is with detailed fi¬ 
nite element analysis, however, if one is most concerned with the simple stresses in the 
cylindrical portion of the shaft, the following relationships may be used to obtain a 
rough estimate of the shaft’s torsional stress for solid and hollow bore forgings (see 
Fig. 2.51). 


Solid forging torsional stress, 



N/m^ 


Hollow bore forging torsional stress, Vax 


2T 



N/m2 


where 

T = specific airgap torque in N-m 
Tj = hollow bore inner radius in meters 
= shaft outer radius in meters 
= hollow bore inner diameter in meters 
da = shaft diameter in meters 

The nature of rotors also dictates that there are pole areas and winding areas in the 
main body. Referring back to Figure 2.47 for the two-pole rotor, it can be seen that the 
rotor would be naturally weaker in the axis that cuts the center of both winding areas. 
The pole axis would, therefore, be much stiffer. Equalization of the stiffness between 



88 


GENERATOR DESIGN AND CONSTRUCTION 



Fig. 2.51 (a) Solid shaft geometry, (b) Hollow bore shaft geometry. 


these two axes is accomplished by either crosscuts in the transverse direction—across 
the pole face—or additional axial slots, or a combination of both (see Fig. 2.52). The 
various methods of stiffness equalization are employed to keep unequal flexure and vi¬ 
bration to minimal levels. 

In the four-pole rotor designs, symmetry is less of an issue (see Fig. 2.48), and in 
many cases no equalization is needed. However, some four-pole rotors do employ axi- 



Pole-face Pole-face 

axial slots crosscuts 


Fig. 2.52 Rotor stiffness equalization by crosscuts and axial slots in the pole face. 
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al wedges, but these are more for carrying negative-sequence currents and dampening 
torsional oscillations. These issues will be discussed later in the book. 


2.13 ROTOR WINDING 

The rotor winding is installed in the slots machined in the forging main body and is 
distributed symmetrically around the rotor between the poles (See Fig. 2.53). The 
winding itself is made up of many turns of copper to form the entire series-connected 
winding. All of the turns associated with a single slot are generally called a coil. The 
coils are wound into the winding slots in the forging, concentrically in corresponding 
positions on opposite sides of a pole. The series connection essentially creates a single 
multitum coil overall, which develops the total ampere-tums of the rotor (which is the 
total current flowing in the rotor winding times the total number of turns). 

There are numerous copper-winding designs employed in generator rotors, but all 
rotor windings function basically in the same way. They are configured differently for 
different methods of heat removal during operation. In addition, almost all large turbo¬ 
generators have copper windings directly cooled by air or hydrogen cooling gas. 

Cooling passages are provided within the conductors themselves to eliminate the 
temperature drop across the ground insulation and preserve the life of the insulation 
material. Some of the design variations are rather significant, as shown in the rotor 
winding slot cross-sectional sketches in Figure 2.54. 

In an axially cooled winding, the gas passes through axial passages in the con¬ 
ductors, being fed from both ends, and is exhausted to the airgap at the axial center 
of the rotor. In other designs, radial passages in the stack of conductors are fed from 
subslots machined along the length of the rotor at the bottom of each slot. In the air- 
gap pickup method, the cooling gas is picked up from the airgap and cooling is ac¬ 
complished over a relatively short length of the rotor; the gas is then discharged back 
to the airgap. The flow of the cooling gas in this design is diagonal in nature rather 
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Fig. 2.53 Rotor winding arrangement showing the major components riding on the 
forging of a standard turbo-generator rotor. This example is of an externally fed field 
winding (via the two slip rings shown on the right end of the rotor, mounted on the 
shaft. (Courtesy of Alstom Power Inc.) 
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Fig. 2.54 Several rotor winding slot cross-sectional arrangements. 


than radial or axial as in most designs. The cooling of the end regions of the wind¬ 
ing varies from design to design, as much as that of the slot section. In smaller tur¬ 
bine generators the indirect cooling method is used (similar to indirectly cooled sta¬ 
tor windings), by which the heat is removed by conduction through the ground 
insulation to the rotor body. 

The other design feature that is common to most windings is that they are assem¬ 
bled as individual straps of copper insulated from one another, and installed one strap 
at a time. A recent variation on this has been to manufacture and assemble a set of 
straps as one consolidated half-coil and then insert the half-coil into the rotor forging 
slot as one piece (see Figs. 2.55 and 2.56). The individual turns and intertum insulation 
are bonded to one another, and the ends are then brazed to the matching half-coil of the 
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Fig. 2.55 Rotor winding slot cross-sectional arrangement of a consolidated half-coil. 
(Courtesy of Alstom Power Inc.) 


opposite pole, one by one (see Fig. 2.57). This design and assembly method is done in 
this way to avoid movement of the individual turns against one another and, hopefully, 
eliminate the possibility of shorted turns and minimize the possibility of rotor winding 
thermal vibration issues. 

Once the winding is installed in the forging slots, it is held in place by metallic 
wedges, in a similar manner as the stator windings. The difference is that the rotor 
winding loading on the wedges is far greater due to centrifugal forces at speed. The 
wedges, therefore, are subjected to a tremendous static load from these forces and 
bending stresses because of the rotation effects. The wedges in the rotor are not gener¬ 
ally a tight fit in order to accommodate the axial thermal expansion of the rotor wind¬ 
ing during operation. 

There are many available designs and configurations for the end-winding construc¬ 
tion and ventilation methods. As in the rotor slots, the copper turns in the end winding 
must be isolated from one another so that they do not touch and create shorts between 
turns. Therefore, packing and blocking are used to keep the coils separated and in their 
relative position as the rotor winding expands and contracts from thermal effects dur- 




ing operation (see Figs. 2.58 and 2.59). To restrain the end-winding portion of the rotor 
winding during high-speed operation, retaining rings are employed to keep the copper 
coils in place. 

As in the stator, insulation is required to isolate the rotor winding from the rotor 
forging and the retaining rings, which are essentially at ground potential. In addition, 
the turns within each winding coil must be separated since they are wound in series. 
The insulation system must be designed to carry out its insulating function and survive 
the harsh mechanical duty imposed by the rotation forces in operation. 

Rotation imposes a huge centrifugal load on the insulation system. These mechani¬ 
cal effects are further exacerbated by the temperature changes in the winding, which 
occur when the generator is excited and loaded. Cycling of the load causes temperature 
cycling, during which the conductors expand and contract. This can promote artificial 
aging and wear out the insulation system. The degree to which the conductors are 
locked in place by the centrifugal force affects the actual motions that the insulation 
must be designed to accommodate. 

Field voltage is dc and can reach as high as 700 V on the larger machines. Howev¬ 
er, the insulation must be capable of handling the field-forcing duty, which is general- 


Fig. 2.56 Fully bonded, consolidated half-coil ready for installation in the rotor forging 
slot. 






Fig. 2.57 Opposite pole, consolidated half-coils being brazed together In the end 
winding overhang. 


Fig. 2.58 Two-pole rotor winding. 
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Fig. 2.59 Four-pole rotor winding. 


ly twice the rated field voltage. Normally, the tum-to-tum voltage is only a few volts, 
with only brief occurrences of higher voltages. It is thus generally sufficient to provide 
mechanical separation between turns. 

The capability of the field winding is expressed in ampere-turns (A-T). The total 
cross-sectional area available for copper in each slot is subdivided into turns, all of 
which are connected in series to form a coil. The number of field turns per pole multi¬ 
plied by the current in the winding equals the total A-T. The current density in the cop¬ 
per determines the total loss to be dissipated and, hence, the temperature of the wind¬ 
ing. For constant current density, as the number of turns increases, the copper area per 
turn (and, hence, the current per turn) decreases proportionally, but the total A-Ts per 
pole remains the same. Since field voltage is proportional to the number of turns, it 
does not affect the A-Ts. 

The major design criterion for the A-T capability of the field winding is the temper¬ 
ature of the conductors. Increasing this capability may be done by using improved in¬ 
sulation materials, which are capable of higher temperatures, or by improving the cool¬ 
ing system, or by increasing the total area available for copper in the rotor cross 
section. 
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2.14 ROTOR WINDING SLOT WEDGES 

The wedges that hold the rotor winding in the slots are sometimes also complex in de¬ 
sign, but always highly stressed (see Figs. 2.60,2.61, and 2.62). The wedges must hold 
the copper winding and its insulation systems in place at high rotational speeds, and al¬ 
low cooling gas to pass through them. The wedges generally have cooling vents ma¬ 
chined into them, which reduces their effective strength. High cooling-gas tempera¬ 
tures can also affect wedge strength if the temperatures begin to affect the creep life of 
the material. 

The wedges are generally made of lightweight materials, such as aluminum or 
brass, in the winding slots. This area does not generally carry a useful magnetic flux, 
so the wedges do not need to be made of magnetic material. In some designs, however, 
the first winding slot wedge next to the pole may be made of a magnetic steel material 



Fig. 2.60 Short rotor wedge. 



Fig. 2.61 Airgap pickup rotor wedge. 
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Fig. 2.62 Long rotor wedge (aluminum). 


to improve flux distribution and lower the flux density in the pole area. This helps re¬ 
duce the excitation requirements for the generator. 

The wedges do not usually sit tight in the slots. They have a loose fit, relatively 
speaking, to allow the copper winding underneath to expand axially during operation. 
Expansion of the copper winding under load can create an enormous axial shear force 
in the winding slots because of the direction of copper growth. The overall design of 
the rotor and the wedges must take this movement into consideration. 


2.15 AMORTISSEUR WINDING 

Most modem rotors employ a damper (also called amortisseur or damping) winding to 
dampen torsional oscillations and provide a path for induced currents to flow. The 
amortisseur winding is essentially a separate winding installed under the rotor wedges 
and retaining rings that is connected in a way similar to the squirrel-cage of an induc¬ 
tion motor. It produces an opposing torque when currents flow in it, and this helps 
dampen torsional oscillations and add to the stability of the rotor during system stress 
events. In some instances, where full-length aluminum wedges are used in the rotor, 
these may serve additionally as part of the damper winding. Also, some designs use the 
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retaining rings as the shorting connection at the end of the rotor, instead of a dedicated 
component. Figure 2.63 shows a particular type of amortisseur. Photographs of other 
types of amortisseurs can be seen in Chapter 9. 

In addition to the above, the damper winding can help prevent negative-sequence 
and motoring currents from flowing in the rotor forging and causing overheating dam¬ 
age. The negative-sequence rating or current-carrying ability of any rotor design is 
largely dependent on the arrangement and effectiveness of the amortisseur winding. 
(More about this in Chapters 6 and 9.) 


2.16 RETAINING RINGS 

Retaining rings are generally the most highly stressed component in the generator. 
They are required to hold the end-winding copper of the rotor winding against cen¬ 
trifugal loading during operation. There is one ring at each end of the rotor to do this, 
and the rings are shrunk-fit onto the body of the rotor forging. There are many types of 
ring designs and fit types as well. Some rings have a barrel type fit and others a castel¬ 
lated fit (See Figs. 2.64 and 2.65). All require some form of locking arrangement to in¬ 
hibit rotational and, subsequently, axial movement as the rotor operates at speed (see 



Fig. 2.63 Amortisseur winding. 
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Fig. 2.64 Barrel-fit type retaining ring (balance ring not installed). 



Fig. 2.65 Castellated-fit type retaining ring with balance ring installed. 
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Fig. 2.66). The axial growth of the copper winding creates an additional force on the 
retaining rings, which tends to push them out, away from the end of the rotor main 
body. In addition, all these fits have some form of “shrink-fit” application to hold the 
ring onto the forging in the radial direction, even at overspeed conditions. Overspeed 
must be considered because the retaining rings become highly stressed even at rated 
speeds. They are generally designed to retain their shrink-fit on the rotor body up to 
120% of their rated speed. 

The rings are under tremendous stress from the loading of the copper and their own 
weight. As a rule of thumb, the loading of the copper generally accounts for one-quar¬ 
ter to one-third of the stress in retaining rings and the other two-thirds to three-quarters 
are the rings’ own “hoop stress.” The rings also are under considerable stress at rest 
because of the shrink-fit and the nature of the ring shape at rest. In operation, the distri¬ 
bution of the copper loading on the underside of the rings is not completely even, and 
this, in conjunction with variations in shrink-fit stiffness from pole to winding face, 
can cause an ovalizing effect on the rings from standstill to speed. To compensate for 
the ovalizing effect at the non-shrink-fit end of the rings, a balance or centering ring is 
shrunk-fit inside the retaining-ring (see Fig. 2.65). It is used to produce stiffness in the 
radial direction at that end of the ring, since it does not have the forging shrink area to 
keep it concentric. From these issues, it can be seen that bending stresses come into 
play from standstill to operation at speed, as the rotor undergoes deformation in this 
range (see Fig. 2.67). As a result, retaining rings are subjected to the high-strain, low- 
cycle effects of start/stops, as well as high-cycle stress modes in operation. Because 
the retaining rings are so highly stressed, they are also designed with a safety factor of 
150% up to 20% overspeed. 



Fig. 2.66 Castellated-fit type retaining ring with locking tab shown. The locking tab 
stops the ring from rotating during operation. 
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tooth end shrink-fit area 

shrink-fit area 

Fig. 2.67 Retaining-ring deflection as a function of speed. (From EPRi Special Report 
ELyEM-5117-SR, “Guideiines for Evaluation of Generator Retaining-rings,” April 1987. 
Courtesy of EPRI.) 


At this point, it is worthwhile to discuss how an estimate of retaining-ring hoop stress 
is determined, due to the critical nature of retaining rings. The starting point is the fact 
that any ring needs to be capable of 20% overspeed and still remain within a 150% safe¬ 
ty factor. Therefore, the copper loading of the end winding on the retaining ring and the 
ring’s own hoop stress must be within the capability of the ring material (i.e., 18 Mn-18 
Cr for most modem units) considering the overspeed and safety factors included. 

18 Mn-18 Cr material is on average capable of up to 1200 MPa in terms of stress. 
This means that at rated speed the ring has to be designed to be loaded up to no more 
than about 533 to 600 Mpa, considering both hoop stress due to its own weight and the 
copper loading, to give it the 150% safety factor margin at 20% overspeed. The basic 
estimation method for this follows a fairly simple formula as follows: 

Total stress on retaining ring = hoop stress of ring + weight of copper load, MPa 
Retaining ring hoop stress = 18-18 ring material density (7800 kg/m^) x co^ x 
Copper loading on the ring = copper density (8400 kg/m^) x ^ Rc 
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where 
0), ^lirf 

f = frequency of rotation 

= retaining-ring mean radius in meters 
= copper end winding mean radius in meters 

As an example, consider the retaining ring and copper end winding configuration of 
the two-pole rotor in Figure 2.68. This rotor has a mean ring radius of 0.55 meters and 
a mean copper radius of 0.4 meters. If the frequency of rotation is 60 FIz, then the ring 
hoop stress works out to 7800(277 60)^ x 0.55^ = 335 MN/m^ or Mpa, and the copper 
loading would be 8400(277 60)^ x 0.4^ = 191 MPa. Summing the two produces a total 
stress on the ring of approximately 526 MPa at rated speed. For the 20% overspeed 
condition, the above values for the ring and the copper need to be recalculated at 72 
Hz. This produces a total stress on the ring of 758 MPa. The overspeed stress value 
times 1.5 (150%) works out to approximately 1137 MPa. Since the 18 Mn-18 Cr ma¬ 
terial is generally good to 1200 Mpa, the design of this ring meets the 150% safety fac¬ 
tor at the 20% overspeed condition. 

The series of photos in Figures 2.70 to 2.73 show the additional collateral damage 
from a burst retaining ring. In Figure 2.73, the total destruction of the machine can be 
seen. 

The ring material is critical as well because of the high stresses. Both magnetic and 
nonmagnetic steel materials have been used, but nonmagnetic materials are the most 
common for large generators. Retaining rings made of magnetic steel essentially intro¬ 
duce magnetic material into the airgap at the stator core end and reduce the reluctance 
of the airgap in that area. The result can be an oversaturation of magnetic flux in the 
core end, causing core end heating problems, if the end region of the generator is not 
designed to account for the use of magnetic rings. This effect is more pronounced as 



Fig. 2.68 Retaining-ring dimensions for estimation of hoop stress and copper end 
winding loading. 









Fig. 2.69 This photo shows a burst retaining ring that had a tapered nose at the 
shrink-fit region. It was simply not robust enough at the shrink-fit and shows the im¬ 
portance of the hoop stress calculation and getting the stresses correct. 
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Fig. 2.73 The stator was completely destroyed as the rotor winding came out of the 
slots and contacted the iron core. Rotation was halted in about one revolution, abrupt¬ 
ly! 


the power factor approaches leading because of the interaction of the end region stray 
fluxes. 

Nonmagnetic materials have been the main choice for retaining rings because of 
their electromagnetic high reluctance. Historically, nonmagnetic materials were not al¬ 
ways as strong as magnetic materials, hence, this is one of the reasons magnetic rings 
have been used in past. It goes back to the relationship for increasing the diameter of 
the rotor to achieve a higher output machine, but the trade-off is the strength limit of 
the material. For a constant operating speed, the larger the ring diameter, the higher the 
stress in the ring. Obviously, there is a limit to the operable ring diameter, based on the 
capability of the ring material and the need for overspeeds and safety factors. 

Today, there are newer and better nonmagnetic retaining-ring materials that are as 
strong as magnetic materials, so they are the materials of choice. The most common 
material used is 18% Mn-18% Cr (also called 18 Mn-18 Cr or simply 18-18). This 
material has the additional benefit of being highly resistant to aqueous stress corrosion 
pitting and cracking, which most other ring materials are not. Prior to the 18 Mn-18 Cr 
rings, the most common nonmagnetic material was 18 Mn-4 Cr or 18 Mn-5 Cr. There 
are problems with these materials when moisture contamination is present. There have 
been some rings that had cracks initiate and eventually fail, causing a catastrophic fail¬ 
ure of the entire generator. The 18 Mn-18 Cr material is highly resistant to this prob¬ 
lem but is not immune if halides or copper ions are present in any moisture attack on 




the rings. There have been a few reported cases of pitting and cracks initiating in these 
rings [4,5]. 

One other issue about retaining rings is that the rings are larger in diameter than the 
rotor’s main body diameter. This is because after the rings are shrunk-fit onto the rotor 
body, the rotor must still be capable of performing its function as a rotating magnet. 
The airgap must, therefore, be large enough to accommodate the retaining rings when 
the rotor is installed. As discussed earlier, this has a significant effect on the short-cir¬ 
cuit ratio and other electrical parameters of the generator. Figure 2.74 shows a retain- 
ing-ring with a lifting arrangement. 


2.17 BORE COPPER AND TERMINAL CONNECTORS 


Current is supplied to the rotor winding by means of twin copper conductors running 
from radial terminal connectors next to or under the excitation end’s retaining ring, 
through the shaft center bore, and out to the radial connectors associated with the 
slip/collector rings (see Fig. 2.75). The two copper conductors are isolated from each 
other and from the rotor forging, since they are at dc potential, in the normal operating 
range up to 700 volts dc and twice to three times that under the field-forcing operation 
of the exciter. There are two copper conductors, so current is fed in one and out the 
other. One conductor is at plus polarity and the other at negative polarity. Because the 
bore copper is generally not force cooled due to its enclosed location, the conductors 
are substantially sized to minimize the current density. 

The connections to the bore copper are made to both the slip rings and to the in¬ 
ternal rotor winding by means of radial terminals connectors or “studs” (see Fig. 
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2.75). In some designs, these may be force cooled, and not in others. Connections are 
made on opposite sides of the rotor to maintain balance in the overall rotor when at 
speed. 

Due to the internal hydrogen atmosphere of the larger machines, a sealing arrange¬ 
ment is also required on the inner set of terminal studs to ensure that the hydrogen gas 
does not leak past the studs and into the rotor bore. Should the hydrogen gas leak at 
this location, its most likely exit is at the excitation end of the shaft and, possibly, into 
the slip/collector ring enclosure. Sparking at the slip-rings can ignite the hydrogen if 
an explosive mixture occurs, so great care is taken to ensure a good seal of the outer 
terminals. In some designs, a further seal is established at the inner set of terminal con¬ 
nectors and at the excitation end of the bore copper in the bore. This is for double pro¬ 
tection but is not a common design. 


2.18 SLIP/COLLECTOR RINGS AND BRUSH GEAR 

A dc current is supplied to the rotor winding to create the rotating magnetic field. This 
can be done by a brushless excitation system or by a set of positive and negative slip or 
collector rings. 

Brushless excitation will be discussed under excitation systems in Chapter 3. In 
brief, the shaft-mounted exciter produces a polyphase ac output from its winding as it 
rotates. The output is rectified by rotor-mounted rectifiers, and current is delivered to 
the rotor winding directly without requiring slip/collector rings. 

For the slip/collector ring type of current delivery system, the rings are shrink-fit 
mounted on the rotor shaft, atop an insulating sleeve, which is generally made of 
epoxy glass or mica-based system. Each ring is opposite in polarity to the other, since 
one conducts current into the rotor winding and the other out. The current transfer to 



Fig. 2.75 Bore copper and terminal stud connector arrangement. (Courtesy of Al¬ 
stom Power Inc.) 
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the rings takes place at high speed, so a sliding contact surface is needed on the rings. 
Conduction to the rings takes place by graphite-loaded brushes that slide along the ro¬ 
tating surface of the rings as the rotor spins (see Fig. 2.76). Good contact is difficult to 
maintain if the surface of the rings is not adequate or the brushes are improperly pre¬ 
pared for operation. The brushes are spring-loaded to maintain a consistent pressure 
against the ring surface during operation. 

The friction between the ring and brush surfaces and the I^R across the brush-col¬ 
lector contact resistance generates significant heat. To keep the rings and brushes cool 
during operation, there are helical grooves cut into the ring surface to vary the contact 
surface in operation and allow cooling air to flow. However, the main reason for the 
helical grooves is to reduce air pressure under the brushes. This allows the brushes to 
remain in better contact with the collector ring. In some designs, there are additional 
vents in the rings to ensure cooling airflow. In addition, the slip/collector ring area is 
generally enclosed and force cooled. The cooling air is filtered due to the carbon by¬ 
product produced. 


2.19 ROTOR SHRINK COUPLING 

The generator rotor must be coupled to the turbine to be able to rotate and to transmit 
the rotational torque developed while on load. The coupling is either part of the ma¬ 
chined forging or a separate shrunk-on arrangement (see Fig. 2.77). Bolt holes are 
drilled out for mating of the turbine to the generator rotor. 



Fig. 2.76 Brush gear. (Courtesy of Alstom Power Inc.) 
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Fig. 2.77 Shrink coupling showing tooth wheel where the turning-gear apparatus en¬ 
gages the rotor. 


In many cases, the turning gear for low-speed rolling {turning gear operation) dur¬ 
ing cooling periods is machined into the shrink coupling as a set of toothed gears (see 
Fig. 2.77). 


2.20 ROTOR TURNING GEAR 

All generator rotors are generally equipped with a turning gear arrangement of some 
kind. The turning gear is required to slowly roll the rotor when the generator is taken 
off line and begins to cool down. The forging is extremely long, thin, and heavy. A 
bow may develop in the rotor shaft while the rotor is still cooling down if it is not ro¬ 
tated. The turning gear reduces this possibility. 

Two-pole rotors may range in weight from a few tons on very small machines, up to 
80 or 90 tons on the larger generators. Four-pole rotors of the largest size can be as 
much as 200 tons in weight. 

The turning gear (Fig. 2.78) is also used to roll the rotor before start-up on steam so 
that there is no sudden inertial torque from standstill. The weight of large rotors can 
also cause rotors to bow if suddenly turned. In addition, a rotor may shift in its bear¬ 
ings if not lubricated properly and cause damage to the bearing surface. To prevent 
this, a “jacking oil” system is also used to lift the rotor before the turning gear is start¬ 
ed for run-up. 
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Fig. 2.78 Turning gear. 


One of the other uses of turning gear is for cross-compound generators, where there 
is a high- and a low-speed line in the generating unit. In such machines, it is common 
to use magnetic coupling between the high-speed and low-speed generators, to pull the 
low-speed rotor up to speed as the high-speed rotor is turned on steam. A turning gear 
is required to start both rotors rolling and keep torsional inertia minimized, as well as 
to keep the rotors in synchronism during the starting phase. Mismatches in speed will 
cause one rotor to act as an asynchronous motor and damage the forging and wedges 
by heavy currents flowing in them. 


2.21 BEARINGS 

All turbo-generators require bearings to rotate freely with minimal friction and vi¬ 
bration. The main rotor body must be supported by a bearing at each end of the 
generator for this purpose. In some cases where the rotor shaft is very long at the ex¬ 
citation end of the machine to accommodate the slip/collector rings, a “steady” bear¬ 
ing is installed outboard of the slip/collector rings. This ensures that the excitation 
end of the rotor shaft does not create a wobble that transmits through the shaft and 
stimulates excessive vibration in the overall generator rotor or the turbo-generator 
line. 

There are generally two common types of bearings employed in large generators: 
“journal” and “tilting pad” bearings (Figs. 2.79 and 2.80). Journal bearings are the 
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most common. Both require lubricating and jacking oil systems, which will be dis¬ 
cussed in Chapter 10. 

When installing the bearings, they must be aligned in terms of height and angle to 
ensure that the rotor sits in the bearing correctly. Such things as shaft catenary must be 
considered and preloading or shimming of the bearings to account for the difference 
when the rotor is at standstill and at speed. Getting any of these things wrong in the as¬ 
sembly can cause the rotor to vibrate excessively and damage either the rotor shaft or 
the bearing itself. Generally, a “wipe” of the bearing running surface or Babbitt metal 
results. 


2.22 AIR AND HYDROGEN COOLING 

Many of the internal generator components do not have the capability in their design to 
have direct liquid cooling and, yet, they incur substantial losses during operation. In 
addition, there is the problem of rotation of the rotor and the windage and friction that 
goes with it. Therefore, large generator designs need a cooling medium that has good 
heat transfer properties and low windage and friction characteristics. 

Turbo-generators employ either air or hydrogen as the internal cooling medium of 
the generator. Air is used in the smaller machines (nowadays up to about 300 MVA 
and growing), but hydrogen is the most effective gas for ventilating a rotating machine 
and is used in the larger machines to achieve higher ratings. Generally, hydrogen is 
used in all large turbine generators and most of the medium-size machines, but it has 
been also used in some smaller generators. 

When hydrogen is used as a coolant in generators, it is supplied at a purity of ap¬ 
proximately 98% or better. It is usually maintained from a continuous supply of com¬ 
mercial-grade hydrogen of high purity. It is necessary to maintain a large supply for 
filling the generator after overhauls and to replace gas lost during operation. Hydrogen 
consumption occurs in the generator by absorption into the seal oil and through small 
leaks in the hydrogen coolers, stator winding, rotor terminal stud seals, or out of the 
casing. A pressure regulator holds the hydrogen pressure at the rated level specified by 
the generator design. 

Hydrogen’s density at 98% purity is on the order of one-tenth that of air at a compa¬ 
rable pressure. This reduces the fan and windage losses to an extremely low value. Be¬ 
cause of this, it is possible to increase hydrogen pressure in machines to as high as 75 
psi relative to atmospheric pressure. Because of low windage and friction, the higher 
pressure does not compromise efficiency. 

The main benefit of increasing the hydrogen pressure is that it greatly increases the 
heat removal capability of the hydrogen. Hydrogen’s properties are such that its heat 
transfer coefficient is 50% more effective than that of air at the same pressure. There¬ 
fore, hydrogen is much more effective in removing heat from a surface. 

The heat capacity per unit volume (the product of specific heat at constant pressure 
and density) of hydrogen is approximately equal to that of air at the same pressure. 
Therefore, the temperature rise of hydrogen would be approximately the same as that 
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TABLE 2.1 Relative cooling properties of the various cooling mediums used in 
turbo-generators 


Coolant 

Specific heat 

Specific density 

Flow volume 

Cooling capacity 

Air 

1.00 

1.00 

1.00 

1.00 

H 2 @ 30 psi 

14.36 

0.21 

1.00 

3.00 

H 2 @ 45 psi 

14.36 

0.26 

1.00 

4.00 

H 2 @ 60 psi 

14.36 

0.35 

1.00 

5.00 

Oil 

2.09 

848.00 

0.012 

21.00 

Water 

4.16 

1000.00 

0.012 

50.00 


of air if the same volume flow rate of the two gasses were used to remove the same 
amount of heat. The temperature rise is substantially reduced because the fan and 
windage loss is reduced in hydrogen. Table 2.1 compares the cooling properties of a 
hydrogen, oil, and water versus air. 

The hydrogen is circulated throughout the generator by shaft-mounted fans or 
blowers (see Figs. 2.81 and 2.82). The hot rotor gas is discharged to the airgap, after 
having absorbed the heat from the field winding losses. The hydrogen is also circulat¬ 
ed through the core and stator terminals and then back to the coolers for cooling and 
recirculation. To remove or introduce hydrogen in the generator, an external system is 
connected that in most cases employs CO 2 for hydrogen purging on removal and air 
purging when admitting hydrogen into the machine. This ensures that an explosive 
mixture of hydrogen and oxygen cannot happen, as would be the case if purging were 
done with air. 

Instrumentation is also generally provided for monitoring of hydrogen gas purity, 
dewpoint, and temperatures. Air-cooled turbine generators are commonly open venti¬ 
lated, taking air from outside the machine and discharging the warm air back to the 
outside in another location. 


2.23 ROTOR FANS 

The cooling medium inside the generator is required to circulate through the various 
components of the machine to pick up the generated heat. Cooling gas circulation is 
accomplished by the use of rotor fans or blowers. There are a number of variations in 
fan design that are used. The two main types are simple one-stage axial fans (see Fig. 
2.81) and radial flow fans (see Fig. 2.82). There is generally one installed at each end 
of the rotor, although there are many single-fan designs as well. In addition, multi- 
staged blowers are widely used on generator rotors for cooling-gas circulation in the 
generator (see Fig. 2.83 and Fig. 2.84). 

Rotor fans are highly stressed components that can affect rotor balance as well. 
Great care is taken in the design of these components to ensure good fatigue life 
and symmetry of design so that balance of the rotor is not adversely affected in op¬ 
eration. 
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Fig. 2.81 Axial rotor fan. 


2.24 HYDROGEN CONTAINMENT 

Since hydrogen is highly combustible in the right air/hydrogen mix, it must be main¬ 
tained at purity well above 75% or below 4% air. Purity of 98% and above is common¬ 
ly maintained. It is important to keep the hydrogen content of the air outside the gener¬ 
ator at a low level to ensure safe operation of the power plant. To minimize hydrogen 



Fig. 2.82 Radial (centrifugal) rotor fan. 
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Fig. 2.83 Axial multistaged blower configuration with rotor installed. 


escaping from the generator, great care is required in design, installation, and opera¬ 
tion. The stator frame provides the primary containment of the hydrogen. 

There are two main sealing locations associated with the rotor to keep the hydrogen 
within the machine from escaping. The first location is the rotor bore, where seals are 
installed in the shaft to seal the hole in the shaft where the dc field bore copper is in¬ 
stalled. This is between the slip rings and the field winding. The seals are generally 



Fig. 2.84 Rotor with five-stage axial blower. 
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made of rubbery material, which under pressure (sometimes from a nut) expands, fill¬ 
ing the area between the bolt and shaft, connecting the conductor in the hollow of the 
shaft to the slip rings. 

Some rotors have only one set of seals close to the collectors, whereas other rotors 
have a second set of seals where the leads exit the shaft, under the retaining rings. 

The integrity of the rotor terminal seals is normally checked during major over¬ 
hauls. Depending on the design of the rotor, some can be pressure tested through a nip¬ 
ple permanently installed on the shaft, or by placing a can over the shaft extension and 
collector assembly, tightly sealed against the rotor forging, and pressurizing the can. 

The second set of seals is to prevent hydrogen from escaping along the shaft where 
the rotor extends out from the stator bore. A close-clearance oil seal is provided be¬ 
tween the stator end doors and the rotor shaft for this purpose. The design must accom¬ 
modate axial motion of the shaft up to 2 inches (5 cm) or more due to variations in 
steam turbine temperatures. There are two general types of seals: journal and thrust 
collar (see Figs. 2.85-88). Both types of seals are used by the different manufacturers 
to provide a shaft seal, but the journal-type seals are by far the most widely used. Oil is 
used to prevent the leakage of hydrogen along the shaft at each end of the generator, 
via the hydrogen sealing arrangements. 

Seal oil is supplied at a pressure slightly higher than the hydrogen pressure, and in 
sufficient quantity to remove the viscous losses in the seals while maintaining proper 
temperature of the close-fitting parts. Hydrogen that is absorbed by the oil is removed 
by a “detraining” process, which some manufacturers do in a vacuum. 




Fig. 2.85 Journal-type hydrogen seal. (Courtesy of Alstom Power Inc.) 












Fig. 2.88 Axial thrust collar seal rings. 


The seals are bracket mounted on the stator casing and designed to keep the hy¬ 
drogen from escaping through the clearance between the moving shaft and the sta¬ 
tionary frame, at both ends of the machine. Installing the seals inboard from the bear¬ 
ings achieves this purpose. Sometimes they are mounted on the same bracket as the 
bearings and sometimes separate, depending on the bearing design and configuration. 
When pedestal bearings are used, the seals are mounted on the brackets (end 
shields). 

Journal-type hydrogen seals consist of a sealing ring supplied by oil under pressure. 
The sealing ring, with a clearance of about 2.5 to 5 mils (63.5 to 127 pm) per side, can 
move with the shaft as the shaft moves within the bearing clearances. However, the 
sealing ring cannot rotate with the shaft. The small clearance between seal ring and 
shaft is filled with oil at high pressure (several pounds/square inch above hydrogen 
pressure). The oil keeps the gas from escaping from the machine. 

A requisite of the hydrogen seal assembly is that it does not allow humidity and oth¬ 
er impurities to contaminate the hydrogen in the machine. There are several types of 
designs, typically classified as single- and double-flow oil systems. The sealing sys¬ 
tems are critical to the operation of the hydrogen-cooled generator. The most obvious 
issue is safety. The hydrogen must be contained inside the generator and in concentra¬ 
tions that are not in the explosive range. Second, machines operating under hydrogen 
pressure are severely reduced in output capability if the hydrogen pressure cannot be 
maintained at its nominal value. 
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Fig. 2.89 Vertical-type hydrogen cooler. 


2.25 HYDROGEN COOLERS 

As the hydrogen cooling gas picks up heat from the various generator components 
within the machine, its temperature rises significantly. This can be as much as 46°C [3] 
and, therefore, the hydrogen must be cooled down prior to being recirculated through 
the machine for continuous cooling. Hydrogen coolers or heat exchangers are em¬ 
ployed for this purpose (see Fig. 2.89). 

Hydrogen coolers are basically heat exchangers mounted inside the generator in the 
enclosed atmosphere. Cooling tubes with fins are used to enlarge the surface area for 
cooling, as the hydrogen gas passes over the outside of the finned tubes. Raw water 
(filtered and treated) from a local river or lake is pumped through the tubes to take the 
heat away from the hydrogen gas and vent it outside the generator. The tubes must be 
extremely leak-tight to ensure that hydrogen gas does not enter into the tubes, since the 
gas is at a higher pressure than the raw water. 
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GENERATOR AUXILIARY 

SYSTEMS 


All large generators require auxiliary systems to handle such things as lubricating oil 
for the rotor bearings, hydrogen cooling apparatus, hydrogen sealing oil, demineral¬ 
ized water for stator winding cooling, and excitation systems for field-current applica¬ 
tion. Not all generators require all these systems and the requirements depend on the 
size and nature of the machine. For instance, air-cooled turbo-generators do not require 
hydrogen for cooling and, therefore, no sealing oil as well. On the other hand, large 
generators with high outputs, generally above 400 MVA, have water-cooled stator 
windings, hydrogen for cooling the stator core and rotor, seal oil to contain the hydro¬ 
gen cooling gas under high pressure, lubricating oil for the bearings, and, of course, an 
excitation system for field current. 

This chapter discusses the general nature of the five major auxiliary systems that 
may be in use in a particular generator: 

1. Lubricating-oil system 

2. Hydrogen cooling system 

3. Seal-oil system 

4. Stator cooling water system 

5. Excitation system 
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Each system has numerous variations to accommodate the hundreds of different 
generator configurations that may be found in operation. But regardless of the genera¬ 
tor design and which variation of a system is in use, they all individually have the same 
basic function as described in the first paragraph. 


3.1 LUBE-OIL SYSTEM 

The lubricating-oil (lube-oil) system provides oil for all of the turbine and generator 
bearings and also is the source of seal oil for the seal-oil system. The lube-oil system is 
generally grouped in with the turbine components and is not usually looked after by 
the generator-side personnel during maintenance. It is mentioned primarily for com¬ 
pleteness. 

The main components of the lube-oil system consist generally of the main lube-oil 
tank, pumps, heat exchangers, filters and strainers, centrifuge or purifier, vapor extrac¬ 
tor, and various check valves and instrumentation. The main oil tank serves both the 
turbine and generator bearings and is often also the source of the sealing oil for the hy¬ 
drogen seals. It is usually located under the turbines and holds thousands of gallons of 
oil. 

There are a number of philosophies for designing the main lube-oil pump system. 
Some machines have a main shaft-driven pump to supply oil to the bearings under nor¬ 
mal operation. Others machines employ an ac motor-driven pump to deliver the lubri¬ 
cating oil to the generator and turbine bearings. In most instances a dc motor-driven 
pump is used for emergency shutdown. 

Heat exchangers are provided for heat removal from the lube oil. Raw water from a 
local lake or river is circulated on one side of the cooler to remove the heat from the 
lube oil circulating on the other side of the heat exchanger. 

Full-flow filters and/or strainers are employed for removal of debris from the lube 
oil. Strainers are generally sized to remove larger debris and filters remove debris in 
the range of a few microns and larger. They can be mechanical or organic-type filters 
and strainers. Debris removal is important to reduce the possibility of scoring the bear¬ 
ing babbitt material or plugging of the oil lines. 

A centrifuge or purifier is used to remove moisture from the oil. Moisture is also a 
contaminant to oil and can cause it to lose its lubricating properties. 


3.2 HYDROGEN COOLING SYSTEM 

Hydrogen is used for cooling in most large turbo-generators rather than air for several 
reasons: 

• Inherently better heat transfer characteristics (approximately 14 times) 

• Better heat transfer with higher hydrogen pressure 

• Less windage and friction losses than air 
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• Suppression of partial discharges with increased hydrogen pressure 

• Significant increases of the breakdown voltage of generator components 

Although hydrogen is a very useful medium for cooling the generator internal com¬ 
ponents, it is very dangerous if not handled correctly. A dedicated system to handle the 
supply and control of the hydrogen atmosphere inside the generator is required. Since 
hydrogen is used at generator casing pressures up to 90 psig, the generator is also con¬ 
sidered a pressure vessel. This requires various sealing arrangements to keep the hy¬ 
drogen inside the machine. These sealing arrangements include the hydrogen seals 
from the stationary stator casing to the rotating shaft of the rotor, the terminal studs in 
the rotor forging, pipe flanges, instrumentation ports, and so on. 

Supply of the hydrogen to the generator is generally provided by an on-site hydro¬ 
gen manufacturing plant, or purchased in a pressure container and replenished periodi¬ 
cally. Delivery to the generator is accomplished by a system of pipes, valves, and pres¬ 
sure regulators. Control is achieved by pressure regulators and gas purity and 
dew-point monitors. Dedicated hydrogen drying equipment is also sometimes used 
when seal-oil vacuum treatment is not provided on the seal-oil system. (This will be 
discussed in Section 3.3.) 

In addition to the hydrogen, a separate supply system is required for CO 2 to purge 
the generator of hydrogen during filling and degassing. CO 2 is used because it is inert 
and will not react with the hydrogen. If the hydrogen in the generator were to be 
purged with air, this would encroach upon both the upper and lower explosive limits 
due to the combustible nature of a hydrogen/oxygen mixture. Hydrogen at high purity 
(above 90%) will not support combustion, and at this level there is no danger of explo¬ 
sion since the explosive range of a hydrogen/oxygen mixture is 4 to 75% hydrogen in 
air. To prevent the possibility of an explosive mixture when filling the generator with 
hydrogen for operation, air is first purged from the generator by CO 2 , and the CO 2 is 
then purged by hydrogen. When degassing the generator for shutdown, hydrogen is 
first displaced by CO 2 and then the CO 2 is purged by air. This way, no explosive mix¬ 
ture of hydrogen and oxygen can occur. In some rare cases, other inert gases have been 
used, such as argon. 

During operation, a gas pressure regulator automatically maintains the generator 
casing hydrogen pressure at a preset (rated) value. If hydrogen leaks occur, the pres¬ 
sure regulator admits additional hydrogen from the supply system until the predeter¬ 
mined pressure is restored. There is always a certain amount of expected leakage into 
the seal oil, through minute leaks, permeation through the stator winding hoses, and so 
forth, but most generators should be capable of continuous operation below 500 cubic 
feet per day loss. If the loss increases to 1500 cubic feet per day, the source of the leak 
should be investigated immediately and corrected. 

A hydrogen gas analyzer is usually present to monitor the hydrogen purity, which 
should be maintained above 97%. Dew-point monitoring is sometimes provided to 
control the level of moisture inside the generator. The dew point is generally main¬ 
tained below -10°C and should not be allowed to rise above 0°C at generator casing 
pressure. The best type of dew-point monitoring is a system that also works when the 
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generator is offline. The main concern is actually not when the generator is running. 
During shutdown, when the internal component temperatures inside the machine cool 
down, there is increased possibility of moisture in the hydrogen condensing onto sta¬ 
tionary components such as the 18 Mn-5 Cr retaining rings. Moisture will attack both 
the insulation systems and certain metal components inside the generator. 

Inside the generator, the hydrogen picks up heat from the various components as it 
flows over and through such components as the stator core vents and rotor winding. 
Then it is routed to pass through heat exchangers inside the generator, where the hy¬ 
drogen leaving the cooler outlet side has been reduced in temperature to complete an¬ 
other cycle of heat pickup as it goes through the same generator components again. 

The hydrogen is maintained at the correct purity, dew point, and pressure by an ex¬ 
ternal system that handles all of the above-discussed functions. The system is often a 
package unit provided with the generator and then connected to the generator by pipes 
and control wiring. An example of such a package system is shown in Figure 3.1. 
Some units are also supplied with dedicated hydrogen dryers as a separate unit (see 
Fig. 3.2 and Fig. 3.3). 

In some plants, one may find an elaborate hydrogen cooling system panel where all 
hydrogen controls are located (see Fig. 3.4). All the pressure and temperature controls, 
plus the purging controls and the purity indicator, would be located in this panel. When 



Fig. 3.1 Hydrogen cooling system—packaged unit. (Courtesy of Alstom Power Inc.) 
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Fig. 3.2 Hydrogen dryer packaged unit with twin drying towers. One side is usually in 
service while the other side regenerates Its desiccant. 


working in the hydrogen control panel, sparkless tools made of bronze are required 
so that any hydrogen that may have leaked and collected inside the panel cannot be 
ignited. 


3.3 SEAL-OIL SYSTEM 

As previously mentioned, most large generators use hydrogen under high pressure for 
cooling the various internal components. To keep the hydrogen inside the generator, 
various places in the generator must be sealed to prevent hydrogen leakage to atmos¬ 
phere. One of the most difficult seals to make is the juncture between the stator and the 
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Fig. 3.3 Another example of a hydrogen dryer packaged unit with twin drying towers. 
One side is usually in service while the other side regenerates its desiccant. 


rotating shaft of the rotor. This is done by a set of hydrogen seals at both ends of the 
machine. Also, as previously described, the seals may be of the journal (ring) type or 
the thrust-collar type, one thing both arrangements have in common is the requirement 
of high-pressure oil in the seal to do the actual sealing. The equipment that provides 
the oil to do this is called the seal-oil system. 

In general, the most common type of seal is the journal type. This arrangement uses 
pressurized oil fed between two floating segmented rings, usually made of bronze or 
babbitted steel. At the ring outlet, against the shaft, oil flows in both directions from 
the seals and along the rotating shaft. For the thrust-collar type, the oil is fed into a 
babbitted running face via oil delivery ports and makes the seal against the rotating 
thrust collar. Again, the oil flows in two directions, to the air side and the hydrogen 
side of the seals. 

The seal-oil itself is actually a portion of the lube oil, diverted from the lube-oil sys¬ 
tem. It is then fed to a separate system of its own, with pumps, motors, hydrogen-de- 
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Fig. 3.4 Hydrogen control panel. 


training or vacuum-degassing equipment, and controls to regulate the pressure and 
flow. 

The seal-oil pressure at the hydrogen seals is maintained generally about 15 psi 
above the hydrogen pressure to stop hydrogen from leaking past the seals. The differ¬ 
ential pressure is maintained by a controller to ensure continuous and positive sealing 
at all times when there is hydrogen in the generator. 

One of the critical components of the seal-oil system is the hydrogen degasifying 
plant. The most common method of removing entrained hydrogen and other gases is to 
vacuum treat the seal oil before supplying it to the seals. This is generally done in the 
main seal-oil supply tank (see Fig. 3.7). As the oil is pulled into the storage tank under 
vacuum, through a spray nozzle, the seal oil is broken up into a fine spray. This allows 
the removal of dissolved gases. In addition, there is often a recirculating pump to recir¬ 
culate oil back to the tank through a series of spray nozzles for continuous gas removal. 

After passing through the generator shaft seals, the oil goes through the detraining 
sections before it returns to the bearing-oil drain. As a safety feature, there is often a 
second ac motor-driven pump or a dc motor-driven emergency seal-oil pump provid¬ 
ed. The backup motor will start automatically on loss of oil pressure from the main 
seal-oil pump. This is to ensure that the generator can be shut down safely without risk 
to personnel or the equipment. 
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Figures 3.5 and 3.6 show two types of seal-oil systems. Figure 3.8 shows a typical 
seal-oil skid supplied with large generators. 


3.4 STATOR COOLING WATER SYSTEM 

The stator cooling water system (SCW) is used to provide a source of demineralized 
water to the generator stator winding for direct cooling of the stator winding and asso¬ 
ciated components. The SCW is generally used in machines rated at or above 300 
MVA. Most SCW systems are provided as package units, mounted on a single plat¬ 
form, which includes all of the SCW system components. All components of the sys¬ 
tem are generally made from stainless steel or copper materials. See Figure 3.9 for a 
typical stator cooling water system mounted on a skid. 

3.4.1 System Components 

Pumps. Generally, ac motor-driven pumps are used to deliver the cooling water 
to the windings. In some instances, a dc motor-driven pump is used for emergency 
shutdown. 
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Fig. 3.5 Seal-oil system, scavenging type. (Courtesy of General Electric.) 
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Fig. 3.6 Seal-oil system, vacuum type. (Courtesy of General Electric.) 


Heat Exchangers. Heat exchangers are provided for heat removal from the 
sew. Raw water from a local lake or river is circulated on one side of the cooler to re¬ 
move the heat from the demineralized SCW circulating on the other side of the heat 
exchanger. 

Filters and/or Strainers. Full-flow filters and/or strainers are employed for re¬ 
moval of debris from the SCW. Strainers are generally sized to remove debris in the 20 
to 50 p. range and larger, and filters for debris in the range of 3 p. and larger. They can 
be mechanical or organic-type filters and strainers. Debris removal is important to re¬ 
duce the possibility of plugging in the stator conductor bar strands. 







3.4 STATOR COOLING WATER SYSTEM 


131 



Fig. 3.9 Stator cooling water system, packaged unit. (Courtesy of Alstom Power Inc.) 


Deionizing Subsystem. A deionizing subsystem is required to maintain low 
conductivity in the SCW, generally on the order of 0.1 p.S/cm. High conductivity can 
cause a flashover to ground in the stator winding, particularly at the Teflon hoses 
where an internal tracking path to ground exists. The system generally maintains a 
continuous bleed-off of 5% from the main SCW flow to keep the conductivity in the 
operable range. 

Stator Cooiing Water System Storage or Makeup Tank. In the event the 
SCW is lost, or the SCW system must be refilled after shutdown and draining, the sys¬ 
tem requires replenishing. Therefore, a storage tank to hold sufficient makeup water is 
required. Some systems are open to the atmosphere, whereas others maintain a hydro¬ 
gen blanket on top of the water to keep the level of oxygen at a minimum. The storage 
tank arrangement is manufacturer specific, depending on the desired water chemistry. 

Gas Coiiection and Venting Arrangement. Since no SCW system is 
leakproof, there is some ingress of hydrogen and natural collection of other gases such 
as oxygen in the SCW system. A means for venting off these gases is required. Gener¬ 
ally, the excess gases are vented to the atmosphere. In some systems, the venting 
process is monitored and/or quantified and in other systems there is none. This is man¬ 
ufacturer specific (see Fig. 3.10). 
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Fig. 3.10 Stator cooling water system—Hg gas release and alarm tank. 


3.4.2 Stator Cooling Water Chemistry 

Conductivity. High conductivity of the demineralized cooling water can cause 
electrical flashover to ground by tracking. Acceptable levels are generally maintained 
near 0.1 p.S/cm. 

Copper/Iron Content. The content of copper and iron in the SCW is normally 
less than 20 ppb. High concentrations of either could cause conductivity problems. 

Hydrogen Content. When no leaks are present in the system, hydrogen content 
is at a minimum. High hydrogen in the SCW can cause gas locking if the leak rate is 
too high. Excessive venting of hydrogen is an indication of a high leak rate. High con¬ 
centrations of hydrogen may also cause conductivity problems. 

Oxygen Content. The dissolved oxygen content of the SCW is controlled to pre¬ 
vent corrosion of the hollow copper strands. Corrosion products can build up and 
block the cooling water flow. Oxygen at 200 to 300 p.g/1 produces the highest corro¬ 
sion rate. The content of oxygen in the SCW is normally maintained at less than 50 
ppb in hydrogen-saturated and low-oxygen-type systems, and without limit for open- 
vented or high-oxygen-type systems (see Fig. 3.11). 
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Fig. 3.11 Stator cooling water copper corrosion rate plotted against oxygen content 
and pH. 


High-Oxygen System. High oxygen refers to air-saturated water with dissolved 
oxygen present in the SCW in the range of greater than 2000 |xg/l (ppb) at STP. The high- 
oxygen system is based on the supposition that the surface of pure copper forms a corro¬ 
sion-resistant and adherent cupric oxide layer (CuO) that becomes stable in the high-oxy- 
gen environment. The oxide layer is generally resistant to corrosion as long as the average 
water velocity is less than 15 ft/s. Figure 3.12 shows a typical high-oxygen system. 

Low-Oxygen System. Low oxygen refers to SCW with a dissolved oxygen con¬ 
tent less than 50 p.g/1 (ppb). The low-oxygen system is based on the supposition that 
pure copper does not react with pure water in the absence of dissolved oxygen. The up¬ 
per limit is set by the corrosion rate that the water cleansing system can handle. The 
lower limit is set to the level where copper will not deposit on any insulating surface in 
the water circuit such as a hose. This is to avoid electrical tracking paths to ground. It 
has better heat transfer properties at the copper/water interface and a lower copper ion 
release rate. Figure 3.13 depicts a typical low-oxygen system. 

pH Value. The pH value is manufacturer specific. Generally, there are two modes 
of operation: neutral and alkaline. 

Neutral pH refers to a pH value of around 7. A neutral pH with low oxygen content 
less than 50 p.g/1 works best. Oxygen at 200 to 300 p.g/1 produces the highest corrosion 
rate, but high oxygen over 2000 p.g/1 will also work. 
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Fig. 3.12 Stator cooling water system, high-oxygen type. 


Alkaline pH refers to a high pH value of around 8.5. This works for both low- and 
high-oxygen cooling water philosophies. This method requires an alkalizing subsys¬ 
tem to keep the pH at the proper level. Figure 3.14 shows such a system for pH con¬ 
trol. 

Deionizer Materiais/Resins. Many deionizing systems use the mixed-bed 
type, employing both a strongly acidic cation resin and a strongly basic anion resin. 
The operation of the deionizing subsystem requires a small percentage of full coolant 
flow to pass through the deionizer on a continual basis. The percentage of full flow 
varies from system to system and can be found in the range of 5 to 20%. 


3.4.3 Stator Cooling Water System Conditions 

Stator Cooling Water Inlet Temperature. Generally, the SCW inlet tempera¬ 
ture is maintained below 50°C, but normally operates in the 35 to 40°C range. It is de¬ 
sirable to keep the stator core, winding, and hydrogen gas temperatures in the same 
range to minimize thermal differentials. 
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Fig. 3.13 Stator cooling water system, low-oxygen type. 


Stator Cooling Water Outlet Temperature. The SCW outlet temperature is 
usually maintained below 75°C. The limit is about 90°C. Beyond that, overheating of 
the stator bars is likely to occur and, possibly, boiling of the SCW. 

Pressure. The SCW inlet pressure to the generator is generally kept at a design 
level to ensure cooling water flow to the stator winding, but 5 psi below the hydrogen 
gas pressure to minimize to possibility of water leakage into the generator. 

Stator Winding Differential Pressure. There will be a normal differential 
pressure that exists across the stator winding, based on design factors. A higher than 
normal differential cooling water pressure across the stator winding can indicate that 
there is a cooling water flow problem. This may be due to plugging, hydrogen gas 
locking, and so on. 

Flow. Continuous cooling water flow is essential to carry generated heat away. 
Flow velocities are design specific and are based on such things as heat-carrying ca¬ 
pacity of the water, cross-sectional flow area in each bar, and corrosion effects on the 
copper. 
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Fig. 3.14 Stator cooling water system, alkaline injection type. 


Stator Cooling Water System Instrumentation. In all SCW systems, the 
various parameters involved are monitored at different points in the system. The gen¬ 
eral parameters monitored are: SCW inlet to generator temperature, SCW outlet from 
generator temperature, SCW inlet pressure to generator, SCW outlet pressure from 
generator, differential pressure across fdters and strainers, system SCW flow, SCW 
conductivity, and storage and makeup tank levels. In addition, the raw service water 
for the SCW coolers is also generally monitored for inlet and outlet temperature of the 
coolers. 


3.5 EXCITER SYSTEMS 

For the generator to function as a generator, magnetizing current (or “excitation”) must 
be supplied to the generator rotor winding. The excitation system provides this func¬ 
tion. The system is designed to control the applied voltage and, thus, the field current 
to the rotor, which in turn gives control of the generator output or terminal voltage. 
Subsequently, this is what provides reactive power and power factor control between 
the generator and the system. 
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Voltage requirements range from very low dc levels up to 700 volts dc for the larger 
generators. The dc field currents may approach 8000 amps dc on the larger turbogener¬ 
ators. 

Excitation response time must be fast so that the automatic voltage regulator can 
control the generator during system disturbances or transients in which rapid changes 
of excitation are necessary. Field forcing is the term generally used for this mode of 
operation and requires the exciter to be capable of field forcing voltages from two to 
three times the rated dc field voltage. Therefore, the rotor winding must be insulated 
for these voltage levels. 

3.5.1 Types of Excitation Systems 

The three basic excitation system types are as follows: 

1. Rotating 

2. Static 

3. Brushless 

Rotating. Within the family of rotating exciters, there are numerous types that 
can be found operating on all types and sizes of generators. The basic kinds of rotating 
exciters are motor or shaft driven and separately self-excited or bus-fed systems. The 
subject of excitation systems is a book in itself, and it is not our intention to focus on 
exciters in this book. They are discussed in brief as an auxiliary system to the genera¬ 
tor. 

The shaft-driven rotating excitation system has been the most widely used excita¬ 
tion source in the past. It is used for small and large turbine generators. The basic con¬ 
figuration is a stationary armature and a rotating field. The ac output of the alternator is 
rectified by stationary diodes physically located off the generator and fed to the main 
rotor slip rings as dc current. Regulation of the current output is achieved by phase 
control of thyristors in the alternator field power circuit (see Fig. 3.15). Figure 3.16 
shows the typical basic circuit for a shaft-driven excitation system. 

Static. An external source of power (often the generator isolated phase bus) is 
used to supply ac power to an excitation transformer. The transformer output is fed to 
a three-phase controlled rectifier bridge for conversion to dc (see Fig. 3.17). The re¬ 
quired generator field voltage is obtained by properly controlling the thyristor firing as 
in the rotating exciter. The standard control generally consists of an ac (auto) control 
mode for regulating generator terminal voltage, and a dc (manual) control mode for 
regulating exciter field voltage (see Fig. 3.18). 

Brushless. The brushless excitation system is most widely used for gas turbine 
units with air-cooled generators, but also can be found in steam generators of every 
rating. It consists of a high-frequency ac generator with a rotating fused diode as¬ 
sembly, a static voltage regulator for excitation control, and a transformer power 
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Fig. 3.15 A six-pole rotating exciter with a reluctance rotor of the unit’s high-frequen¬ 
cy generator attached on the left is shown. The exciter slip rings are located on the 
right side, but covered with a protection barrier during overhaul. The slip rings carry 
the dc current out from the exciter to a busbar that feeds the main generator field 
through its own set of slip rings. 


supply. The exciter is generally attached as an extension of the generator shaft. 
Rectifier components are mounted on the diode wheel assembly or, sometimes, 
housed inside the shaft. A three-phase transformer, backed up by the station battery 
for initial field flashing support and momentary fault current support, powers the reg¬ 
ulator. The standard control generally consists of an ac (auto) and dc regulator (see 
Figs. 3.19 and 3.20). 


MAIN 



Fig. 3.16 Schematic of a shaft-driven, separately excited excitation system. 
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Fig. 3.17 Static exciter. 


3.5.2 Excitation System Performance Characteristics 

The principal function of the excitation system is to furnish dc power (direct current 
and voltage) to the generator field, creating the magnetic field. The excitation system 
also provides control and protective equipment that regulates the generator electrical 
output. 

Excitation voltage is a key factor in controlling generator output. One desirable 
characteristic of an excitation system is its ability to produce high levels of excitation 
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Fig. 3.18 Static exciter schematic. 
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(PMG) 


Fig. 3.19 Brushless exciter schematic. 


voltage (the ceiling) very rapidly following a change in terminal voltage. IEEE defines 
a high initial response (HIR) excitation system as one that reaches 95% of the specified 
ceiling voltage in 0.1 second or less. For units tied into a power system grid, such 
quick action to restore power system conditions reduces the tendency for loss of syn¬ 
chronization. 

The other important performance feature of an excitation system is the level or 
amount of ceiling voltage it can achieve. The response ratio is the term for quantifying 
the forcing or ceiling voltage available from the exciter. The response ratio is the aver¬ 
age rate of rise in exciter voltage for the first one-half second after change initiation, 
divided by the rated generator field voltage. Thus, it is expressed in terms of per unit 
(pu) of rated field voltage. A standard level of exciter response ratio is 0.5 pu. This lev¬ 
el has been found to be adequate for the large majority of industrial and utility applica¬ 
tions. Power system studies have shown that some applications benefit from higher re¬ 
sponse ratios or more powerful exciters. 

In general, it can be observed that conventional rotating exciters, such as the classi¬ 
cal rotating and the brushless-type exciters have slower response times due to the time 
constants of the rotating magnetic components. In fast-acting static exciters, maximum 
exciter output is available almost instantaneously by signaling the controlling thyris¬ 
tors to provide full forcing. 
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Fig. 3.20 Brushless exciter rotor shown with diode wheel. (Courtesy of Electric Ma¬ 
chinery.) 


3.5.3 Voltage Regulators 

The generator’s voltage regulator is another important part of the excitation system 
and is often provided as a dual-voltage regulator. It is generally comprised of automat¬ 
ic (ac) and manual (dc) regulators. The ac regulator regulates the generator ac terminal 
voltage and the dc regulator regulates the exciter dc field voltage. The dc regulator 
controls the voltage regulator’s output voltage in order to regulate the generator field 
current. The ac regulator controls the voltage regulator’s output voltage in order to reg¬ 
ulate the ac voltage at the generator terminals. The selection of ac or dc regulator con¬ 
trol is by the operator or by protective relaying. 

The regulator, which forms part of the excitation control system, typically provides 
additional control and protective functions for the main generator. Many of these func¬ 
tions are listed below. Some of these features mentioned below are not applicable to a 
brushless excitation system. 

• Underexcitation limiter. Minimizes the generator end-iron heating and prevents 
excessive underexcitation operation and possible dynamic instability. 

• Generator field maximum excitation limiter. Protects the generator field from 
overheating due to prolonged excessive field current. 

• Underfrequency voltage limiter. 

• Overvolts per hertz equipment. Protects the generator and connected magnetic 
apparatus from damage due to excessive magnetic flux at any frequency. 
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• Field ground detection. 

• Field temperature monitoring. 

• Shaft voltage suppression. Reduces the effects of capacitive-coupled voltages in 
the generator shaft from damaging bearings and other components in the turbine 
and generator. 

• Field current and voltage transducers. Permits isolated voltage monitoring of 
generator field current and voltage. 

• Reactive current compensation. Permits two or more parallel generators to oper¬ 
ate together and share reactive current. 

• Active and reactive current compensation. Permits holding constant voltage at 
some point in the power system remote from the generator. 

• Voltage matching equipment. Permits safe synchronizing of the generator with a 
power system. 

• Automation features. Permit computer control of starting, loading, and shutting 
down a generator. 

• Power system stabilizer. Dampens power system oscillations by permitting ter¬ 
minal voltage to change in phase with changes in generator speed. 
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Chapters 2 and 3 describe the very complex construction aspects of a turbo-generator 
and the peripheral equipment required for its operation. One can thus imagine that this 
is a very costly system, in addition to being a very critical component in a power plant. 
Given the importance of this machine, the need to operate it reliably for many years, 
and the initial large capital expenditure, is goes without saying that a large effort must 
go into preparing a comprehensive and detailed purchasing specification. Assuming 
this has been done, and a well-designed and well-manufactured generator has been de¬ 
livered, the long-term availability and reliability of the unit will depend greatly on how 
the machine is operated and maintained. A well-designed and well-manufactured unit 
can become compromised by serious operational challenges, some of which, as will be 
discussed below, are outside the control of the plant operators. However, even in this 
case several ameliorating actions can be taken by a proactive station management. 
Other challenges are directly related to how the operators run the unit. All these opera¬ 
tional aspects are discussed in this chapter; the very important maintenance issues are 
covered in Part II of this book. 


4.1 BASIC OPERATING PARAMETERS 

All generators are designed such that they have a rating. The rating of the machine is a 
series of parameters that describe the generator in engineering terms. These parameters 
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tell about the available power output of the generator and its capability with regard to 
electrical, thermal, and mechanical limits. With enough experience, the trained person 
can also often infer other information about such things as the generator size and basic 
construction features. 

Like any industrial apparatus, large generators are specified, designed, and con¬ 
structed to meet a number of requirements. These requirements are predicated on cus¬ 
tomer needs, as well as mandatory industry standards and “best industry practice” 
guidelines. The requirements are given in the form of performance parameters and di¬ 
mensional standards. 

The performance parameters of a large generator are defined in a number of stan¬ 
dards. In the United States, the leading standards defining generator performance vari¬ 
ables are IEEE Std. 67 and ANSI/IEEE C50.13 and C50.I2; see [1,2,16,17,18]. In oth¬ 
er countries, these standards may also apply, in addition to lEC, CIGRE, and local 
codes, like VDE in Germany and others. In the following subsections, a definition and, 
when required, an explanation of all performance parameters is given. 


4.1.1 Machine Rating 

A generator is usually described by giving it a rating. This rating is given at the gener¬ 
ator’s capability point of maximum continuous power output. The terms generally 
used to provide the rating are as follows: 


Apparent power MVA 

Real power MW 

Reactive power MVAR 

Power factor pf 

Stator terminal voltage F, 

Stator current 4 

Field voltage Ff 

Field current 7f 

Frequency Hz 

Speed rpm 

Overspeed capability rpm 

Hydrogen pressure psi 

Hydrogen temperature °C 


Stator winding insulation class 
Stator winding temperature rise 
Rotor winding insulation class 
Rotor winding temperature rise 
Short-circuit ratio 


Megavolt-amperes 

Megawatts 

Megavolt-ampere reactive 
A dimensionless quantity 
Alternating voltage 
Alternating current 
Direct voltage 
Direct current 
Hertz 

Revolutions per minute 
Revolutions per minute 
Pounds per square inch 
Degrees centigrade 


Each of these parameters signifies a finite design quantity that describes a certain 
capability or limitation of the generator. In some cases, they also provide operating 
limits that, if exceeded, will cause excess stress in the generator (mechanical, thermal, 
or electrical) on one or more of its components. 
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All large generators are designed with these parameters in mind and they are all re¬ 
flected in the design standards for generators [2], There are specific ranges for the 
above-mentioned parameters, and these are outlined in the design standards and dis¬ 
cussed in documents regarding good operating practice for large generators [1]. 

The ratings of large generators have increased dramatically over the years as de¬ 
signers have learned to incorporate newer and better materials in their designs and to 
optimize the use of the materials. The rate of increase of generator ratings over the 
years has been logarithmic (see Fig. 4.1). 

Gas-turbine generators are presently being built with ratings up to approximately 
400 MVA. Steam-turbine generators are presently being built with ratings up to ap¬ 
proximately 1600 MVA, but there are designs up over 2000 MVA. An example of a 
nameplate that may be found on a large generator is shown in Figure 4.2. 

4.1.2 Apparent Power 

Apparent power refers to the rating of a turbine generator. In large generators, it is 
almost always given in units of megavolt-amperes (MVA), although it may be also 
be stated in kVA. Although machines are commonly talked about in terms of real 
power [almost always given in megawatts (MW), though it may also be stated in 
kW], it is the apparent power that best describes the rating. This is because the prod¬ 
uct of the voltage and the current (MVA) largely determines the physical size of a 
machine. 



YEAR 


Fig. 4.1 Trend in MVA rating of large turbo-generators. 




146 


OPERATION AND CONTROL 


Jk lili 

mpip 

^' :WN IT ' v' 


TURBOGENERATOR* 

3 Phase 2 Pole 
Date of Manufacture 1992 


100121 

•i, Pff'‘LSU*'e 

Factor 


27^00 kVA 
4bQ kPa gauge 
0 85 


Type WT20H 096 


• j 307 V 

23<b A 1 1 


Raied Voltaqe 18000 V % 

Rated Current 6660 A 

Connection T 

1 '^peed 3600 rpm 

Rotation c w as seen from OE 

Frequency 60 Hz 

1 jverspeed 4320 rpm 

Inertia Constant 125 kW'*/KVA | 


.•ardards ANSI C50 13 -1389 


-tatof Winding Insulation Class F MICADUR 


‘>'a'or and Rotor Cooling H, 

H, Inlet Temperature 46*C 
Siaior Winding Temperature Rise 


45 K 




I Rotor Winding Insulation Class F 


Field Winding Temperature Rise 65 K 


Wf Rotor 41 6 Mq 

'r.iintenance till (stator Without bearing endshields 


Stator Assembly 24Q Mg 


end coolers) 


710 Mfl _ 




Fig. 4.2 Typical nameplate for a large turbo-generator. 


In a three-phase power system, the MVA is given by the following expression: 
MVA = Vs (Generator’s line current in kA) x (Line voltage in kV) 
Alternatively, 

MVA = 3 (Generator’s line current in kA) x (Phase voltage in kV) 


Also, 


MVA = 


MW 

Power factor 


Using the expressions above, one can find the maximum current that can be supplied 
by a generator at a given terminal voltage. This is important for sizing the conductors 
or busses that must carry the generator’s energy into the system, as well as for setting 
protection relays. For a theoretical explanation about the origins of apparent power, 
see Section 1.3 in Chapter 1. 


4.1.3 Power Factor 

It was shown in Section 1.3 that the power factor is a measure of the angle between the 
current and the voltage in a particular branch or a circuit. In mathematical terms, the 
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power factor is the cosine of that angle. Within the context of a generator connected to 
a system, the power factor describes the existing angle between the voltage at the ter¬ 
minals of the generator (V,), and the current flowing through those terminals (Ii). 

In the workings of generators, by definition, the angle between the current and the 
voltage is deemed positive when the current lags the voltage, and vice versa, it is de¬ 
fined as negative when the current leads the voltage. Therefore, the power factor is 
used to describe the generator as operating in the “lagging” or “leading” power factor 
range. A positive power factor indicates that the unit is operating in the lagging re¬ 
gion—it is generating VARs. A negative power factor indicates the unit is operating in 
the leading region—it is absorbing VARs from the system. Additional terms for de¬ 
scribing if the unit is producing or consuming VARs are overexcited or inductive for 
lagging power factor operation, and underexcited or capacitive for leading power fac¬ 
tor operation. Unity power factor refers to a power factor of 1. It is common for gener¬ 
ator operators to say the unit is “boosting” or “bucking” VARs. Boosting in this con¬ 
text is synonymous with overexcited or inductive, and bucking means underexcited or 
capacitive. 

These different terms for defining the same mode of operation can be confusing to 
the uninitiated. A simple way out is just to remember that if the generator is overexcit¬ 
ed (i.e., if field current is increased), it will export more VARs into the system. On the 
other hand, if it is underexcited (i.e., if the field current is reduced), the generator will 
absorb VARs from the system in order to maintain the required airgap flux density. 

The rated power factor is the operating point that maximizes both watts and VARs 
delivered, and it is a design variable. Increasing excitation from that point onward re¬ 
quires the unit to significantly reduce the active output (watts), in order to remain with¬ 
in the allowable operating region (more about that later). For most turbo-generators the 
rated power factor is in the range of 0.85 to 0.90 lagging (overexcited). 

The power factor (actually reflecting the flow of reactive power) has a big influence 
on the power system in that it can change the system’s voltage. The change in voltage 
in turn affects the ability of the system to carry the required levels of power and, con¬ 
sequently, its stability. To illustrate this important concept, a very elementary example 
is offered. Figure 4.3 depicts a generator supplying a single radial circuit, with a load 
at the end of it. 


Generator Ljpg Load 



Vg = ioov Vl 


Fig. 4.3 Schematic representation of a generator feeding a load through a line. 
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Let US assume two cases: case 1 has a line impedance of 1 + j5 ohms and a load of 5 
ohms, and case 2 has the same line impedance but the load has, in addition to the 5 
ohms resistance, a 5 ohms reactance (a reactance is denoted by preceding its value 
with the letter j). Assume that the generator’s voltage is maintained at 100 volts in both 
cases. 


Case 1 . The impedance of the line is 1 +75 fl and the load is equal to 5 fl. The 
magnitude of the current delivered by the generator is then 


100 

V(62 + 52) 


12.8 amperes 


The magnitude of the voltage at the load terminals is 

V= 12.8 Ax 5X1 = 64 volts 
And the power delivered to the load is 

P=12.82Ax5fl = 819watts 


Case 2 . In this case, the line impedance has not changed, but the load now has an 
additional inductive reactance of 5 ohms. The magnitude of the current delivered by 
the generator is now 


100 

''■WTToJ) 

The magnitude of the voltage at the load terminals is 

V = 8.57 A X V(52 + 52 ) Xl = 60.6 volts 
And the power delivered to the load is 

P = 8.572 X 5 XI = 367 watts 

As a result of the addition of a load reactance, the power factor of the load has been 
reduced from unity to PF = 0.71, the voltage at the load terminals dropped 5%, and the 
real power delivered to the load is reduced by more than 50%. This simple exercise il¬ 
lustrates the significant impact on a system of an addition of inductive reactance (i.e., 
in reducing the power factor). Increasing the excitation of the generator in the simple 
case of this example would increase the generator terminal voltage, driving the load 
voltage higher and somewhat compensating for the voltage drop introduced by the re¬ 
duced power factor. 
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4.1.4 Real Power 

The rated power (in MW) of the generator is the product of the rated apparent power 
(in MV A) and the rated power factor. The turbine determines the rated power of the 
turbo-generator, as a whole unit. 

The rated power of the generator is often specified and designed to be somewhat 
higher than that of the turbine to take advantage of additional output that may become 
available in the future from the turbine, boiler, or reactor. This parameter is measured 
and monitored to keep track of the load point of the machine and allow the operator to 
control the operation of the generator. 

The MW overload of the generator is a serious concern. MW overload means that 
the stator current’s limit has probably been exceeded, and this will affect the condition 
of the stator winding. The stator terminal voltage may also have been exceeded during 
overload, depending on the main transformer tap settings, but it is more commonly as¬ 
sociated with stator current’s overload. Excessive terminal voltage will affect core 
heating. 

Transient MW events from the system or internally in the machine will also show 
up as transients in the stator current and/or terminal voltage. 


4.1.5 Terminal Voltage 

The rated or nominal voltage of a three-phase generator is defined as the line-to-line 
terminal voltage at which the generator is designed to operate continuously. The rated 
voltage of large generators is normally in the range of 13,800 to 27,000 volts. Genera¬ 
tors designed to IEEE standards and equivalent standards are able to operate at 5% 
above or below rated voltage at rated MVA, continuously. 

When special requirements of a power system dictate the need for a wider terminal 
voltage range, the manufacturer has to account for this in the generator design and pro¬ 
duce a larger and more expensive machine. The cases where this type of variation is 
required depends on the location and requirements for interaction between the genera¬ 
tor and the power system. 

Monitoring of the generator terminal voltage is also critical and is done on a per- 
phase basis. It is required to ensure that there is voltage balance at all times, to avoid 
negative sequence type heating effects, and it is most critical during synchronizing of 
the generator to the system. The terminal voltage of the generator must be matched in 
magnitude, phase, and frequency to that of the system voltage before closing the main 
generator breakers. This is to ensure smooth closure of the breakers and connection to 
the system, and to deter faulty synchronization. 


4.1.6 Stator Current 

Stator current capability in large generators depends largely on the type of machine in 
question. In the simplest machines (i.e., the indirectly air-cooled generator) the capa¬ 
bility of the stator winding defines the rated stator current. 
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The capability of an indirectly hydrogen-cooled generator winding is significantly 
sensitive to the hydrogen pressure within the machine. Reduced capabilities are com¬ 
monly stated for below rated pressures, down to 15 psig (103 kPa) and at slightly 
above atmospheric pressure. Modem generators may be found operating with hydro¬ 
gen pressures up to 90 psig (622 kPa). A direct hydrogen-cooled stator winding is di¬ 
rectly dependent on hydrogen pressure. Capabilities are commonly stated in incre¬ 
ments of 15 psi (103 kPa) below rated hydrogen pressure. 

The capability of a water-cooled stator winding is not normally sensitive to hydro¬ 
gen pressure. However, hydrogen pressure does affect the cooling and, therefore, the 
temperature of many parts of the generator in which the losses are proportional to the 
stator current (leads, core, etc.). For this reason, generator capability is usually ex¬ 
pressed in increments of 15 psi (103 kPa) below rated hydrogen pressure. In Figure 
4.4, the dependency of the generator’s rating on the pressure of the cooling hydrogen 
can be seen. 

4.1.7 Field Voltage 

Increasing the field voltage increases the field current in proportion to the rotor wind¬ 
ing resistance. The field voltage is monitored but not usually used for alarms or trips. It 
is used to calculate rotor winding resistance and, subsequently, the rotor winding aver¬ 
age and hot-spot temperature. Automatic voltage regulator problems can cause the 
field voltage to become too high, and this in turn causes the excitation to increase be¬ 
yond design limits. 

4.1.8 Field Current 

The capability of the rotor winding is generally determined by the field current at the 
rated apparent power, the rated power factor, and the rated terminal voltage. All of the 
capability considerations described for indirectly and directly hydrogen-cooled stator 
windings apply to the rotor winding as well. 

As was pointed out in Chapter 1, Section 1.7.3, and in Section 4.1.3 above, increas¬ 
ing the field current will 

• Augment the MVARs exported to the system 

• Increase armature (stator) current if the unit is already in the boost or overexcited 
region 

• Tend to increase the differential of potential at the machine’s terminals 

4.1.9 Speed 

Unlike an induction machine, the synchronous generator can only generate power at 
one speed, called the synchronous speed of that unit. That unique speed is related to 
the system’s frequency and the number of poles of the machine, by the following equa¬ 
tion: 
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Fig. 4.4 Typical capability curves for a synchronous generator. (Copyright © 1987, 
Electric Power Research Institute. EPRI EL-5036, Power Plant Electrical Reference Se¬ 
ries, Volumes 1-16, reprinted with permission.) 


Synchronous speed (rpm) = 120 x 


System frequency (Hz) 
Number of poles 


Practically all large turbo-generators are of the two- or four-pole design. Therefore, al¬ 
most without exception, the following apply: 
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60 Hz system 3600 rpm for two-pole generators 
1800 rpm for four-pole generators 
50 Hz system 3000 rpm for two-pole generators 
1500 rpm for four-pole generators 


4.1.10 Hydrogen Pressure 

The rated hydrogen pressure is the required pressure of the hydrogen in the generator 
when it is loaded to its nominal rating. It is commonly the maximum hydrogen pres¬ 
sure for which the generator is designed to operate. The range of rated hydrogen pres¬ 
sures for generators now being built is up to 90 psig (622 kPa). (The unit psig is 
pounds per square inch “gauge,” relative to standard atmosphere.) For a discussion 
about the generator’s capability dependence on the pressure of the hydrogen, see Sec¬ 
tion 4.1.6 above. 

Regardless of the design hydrogen pressure for any given machine, the pressure is 
always maintained higher than the stator cooling water pressure in water-cooled stator 
winding type machines. The reason for this is to allow hydrogen to leak into the stator 
cooling water, where it can be more easily dealt with by hydrogen detraining and re¬ 
moval systems that are almost always found with such machines. Therefore, one of the 
sources of a drop in hydrogen pressure in the generator may be leakage into the stator 
cooling water system, if a leak exists. 

4.1.11 Hydrogen Temperature 

Similar to pressure, the temperature of the hydrogen cooling gas is also maintained at a 
specific level for proper cooling of the internal generator components. The hydrogen 
gas picks up heat in the generator components as it flows over the various parts of the 
machine internals and transfers that heat to raw water circulating though hydrogen 
coolers in the generator. Therefore, the gas entering the coolers is quite hotter than the 
gas leaving the coolers. These are generally referred to as “hot” and “cold” hydrogen 
gas temperatures. 

Unlike the hydrogen pressure however, hydrogen temperature does not vary as 
widely and is governed by the generator design standards. Generally, the maximum al¬ 
lowable cold gas temperature is 46°C [2,8]. The hot gas temperature rise will vary de¬ 
pending on the generator cooling arrangement and the design of the hydrogen coolers. 
The cold gas operating set point is usually found between 30 to 40°C. A normal tem¬ 
perature difference between hot and cold hydrogen gas is around 15 to 25°C at the full 
load condition. 

The hydrogen gas temperatures are usually maintained by an arrangement of cool¬ 
ers, four being the most common. A balance between these is then maintained by ad¬ 
justing the flow of raw water through the coolers, and locking the inlet valves in those 
positions. The balance is generally kept as close as possible to under 2°C for the cold 
outlet gas temperature from the coolers. Further regulation in the generator hydrogen 
temperature is then done on a bulk cooling water basis by an overall temperature con¬ 
trol valve for flow, recirculation, or both. 
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Temperature control of the hot and cold hydrogen gas is accomplished by installing 
thermocouples (TCs) or resistance temperature detectors (RTDs) in the gas path. These 
can then be monitored and set with alarm points to notify operators when limits are ex¬ 
ceeded. 

4.1.12 Short-Circuit Ratio 

The short-circuit ratio (SCR) is defined as the ratio of the field current required to pro¬ 
duce rated terminal voltage on the open circuit condition to the field current required to 
produce rated stator current on sustained three-phase short circuit, with the machine 
operating at rated speed. During operation, to maintain constant voltage for a given 
change in load, the change in excitation varies inversely as the SCR. This means that a 
generator with a lower SCR requires a greater change in excitation than a machine 
having a higher SCR, for the same load change. 

The inherent stability of a generator in a power system is partly determined by its 
short-circuit ratio, which is a measure of the relative influence of the field winding ver¬ 
sus the stator winding on the level of useful magnetic flux in the generator. The higher 
the short-circuit ratio, the less influence the changes in stator current have on the flux 
level and the more stable the machine tends to be. But the ratio will also be larger for 
the same apparent power rating and less efficient. However, machines with higher 
SCRs are not necessary the ones showing higher stability in a particular setting. There 
are other important factors such as the speed of response of the voltage regulator and 
excitation systems, match between the turbine and generator time constants, control 
functions, and the combined inertia of turbine and generator. 

The short-circuit ratio for turbine generators built in recent years has been in the ap¬ 
proximate range of 0.4 to 0.6. 

4.1.13 Volts per Hertz and Overfluxing Events 

The term “volts per hertz” has been borrowed from the operation of transformers. In 
transformers, the fundamental voltage equation is given by 

4.44/Bj„ax ^ Area of core x Number of turns 

where is the vector magnitude of the flux density in the core of the transformer. 
By rearranging the variables, the following expression is obtained: 

F 

Volts/Hertz (V/Hz) = -- = 4.44 B^^,, X Area of core x Number of turns 


Bmax[tesla] = constant x 


Or, alternatively. 
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Or, in another notation, 

V 


The last equation indicates that the maximum flux density in the core of a trans¬ 
former is proportional to the terminal voltage divided by the frequency of the supply 
voltage. This ratio is known as V/Hz. 

A very similar set of equations can be written for the armature of an alternating-cur¬ 
rent machine. In this case, the constant includes winding parameters such as winding 
pitch and distribution factors. However, the end result is the same: in the armature of 
an electrical alternate current machine, the maximum core flux density is proportional 
to the terminal voltage divided by the supply frequency (or V/Hz). 

In machines, as well as in transformers, the operating point of the voltage is such 
that for the given rated frequency the flux density is just below the knee of the satura¬ 
tion point. 

Increasing the volts per turn in the machine (or transformer) raises the flux density 
above the knee of the saturation curve (see Fig. 4.5). Consequently, large magnetiza¬ 
tion currents are produced, as well as increases in the core loss due to the bigger hys¬ 
teresis loop created (see Fig. 4.6). Additionally, large harmonic eddy currents are de¬ 
veloped in the core and other metallic components. All these result in substantial 
increases in core and copper losses, and excessive temperature rises in both core and 



Fig. 4.5 Typical saturation curve for transformers and generators. 
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A B [Tesla] 



Fig. 4.6 Hysteresis losses under normal and abnormal conditions. 


windings. If not controlled, this condition can lead to loss of the core interlaminar in¬ 
sulation, as well as loss of life of the winding insulation. In fact, if a unit becomes ex¬ 
cessively overfluxed (i.e., the maximum V/Hz has been exceeded) for just a few sec¬ 
onds, complete failure of the core may result in short time or after some time of 
operation. 

To obtain a better insight of a V/Hz incident, let us look at a simplified example. 
Consider a core made of 0.5 mm (19.7 mils) thick coreplate material with an operating 
flux density of 1.3 tesla in the core area (back of core) with a loss of 15 W/kg (see Figure 
4.7), and a flux density of 2 tesla in the teeth area with a loss of 35 W/kg. If a sudden 
overfluxing event occurs with an intensity of 120% (this is well within the accumulated 
experience for this type of occurrence), the resultant flux densities and losses will be 
1.68 Tesla and 25 W/kg in the core area, and 2.4 Tesla and 50 W/kg in the teeth. 

Note. Almost all overfiuxing events occur during run-up. Thus, the core losses will 
be lower than those shown in Figure 4.7, all else being equal, because core losses are 
driven by the frequency of the exciting current (as explained in previous sections). 
However, the main conclusions of the example remain valid. 

The cooling system of a turbo-generator is carefully designed to remove the maxi¬ 
mum expected losses under normal operating conditions. Any sudden loss increase of 
significant magnitude is absorbed by the surrounding components, with a resulting in- 
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Fig. 4.7 Core loss versus peak flux density at 50Hz for 0.5mm thick lamination material, type M310-50A, on the test bench, and a typi¬ 
cal assembled core, not necessarily the same steel but the same thickness, of a machine built in the 1970s. 
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crease of temperature. This imposes the type of time-based restrictions for operation 
under abnormal conditions that will lead to these sorts of temperature excursions. In 
most cases, with the aim of achieving a conservative estimate, adiabatic calculations 
are performed, that is, any additional loss is assumed to be captured by the pertinent 
components as retained heat. This calculation yields maximum temperatures for the 
abnormal event. 

For the case at hand, the additional losses in the core region were equal to 10 W/kg, 
and in the teeth region they were equal to 15 W/kg. If an event with duration of 60 sec¬ 
onds is assumed, the total accumulated heat per kilogram of lamination material equals 
600 joules in the core region and 900 joules in the teeth region. The specific heat of 
steel equals 452 joules/kg/°C; therefore, in 60 seconds this calculation would yield 
about a one degree increase in the temperature of the back of the core, and about a two 
degree rise in the teeth, not enough to be of any concern. Thus, the analysis made to 
this point explains long-term, low-level V/Hz effects (for instance a 10% overfluxing 
event of many minutes in duration). The resulting loss is a loss the machine has not 
been designed to cope with and, therefore, temperature rises ensue, with detrimental 
effects to the integrity of the lamination and winding insulation. However, so far the 
example does not explain the extensive damage to the core associate with high-intensi¬ 
ty overfluxing events. In the case of high-intensity overfluxing events, accurate calcu¬ 
lations must include precise consideration of large leakage fluxes created by the deep 
saturation of the core, and resulting circulating currents in the core-supporting bars and 
between bars and core at the end region of the core, as well as a very large increase of 
harmonic eddy currents in the core and core-supporting structure. The combination of 
all these effects can result in highly concentrated points of losses and temperature in¬ 
crease that may damage the insulation between the laminations in a number of spots. 
Once these damaged spots are created, they will give rise to larger than normal eddy 
currents. These augmented localized eddy currents and losses will continue to damage 
(and even melt) the metal during normal operation. 

Figure 4.8 demonstrates in a simplified manner how breaches in the interlaminar in¬ 
sulation result in larger than normal eddy current and losses. Larger than normal 
means currents and losses substantially higher than those found when the machine op¬ 
erates within its designed parameters. Figure 4.9 carries the analysis in Figure 4.8 far¬ 
ther. It can be seen therein that with 100 or so divisions, the eddy-current losses are re¬ 
duced to about 2% of the original losses. Farther divisions make this type of loss very 
small when compared to that of an equivalent single-body core. From the content of 
this paragraph, it becomes obvious how by damaging the insulation between the lami¬ 
nations in a few spots, the eddy-current losses can significantly increase, with conse¬ 
quential temperature rises and additional damage to the insulation, further increasing 
the amount of short-circuited core. This has the potential to becoming a runaway situa¬ 
tion, leading to melted core material and a catastrophic failure. The issue of short-cir¬ 
cuited laminations and consequential core damage due to increased eddy-current loss 
is broached in other places in this book when discussing foreign metallic objects left 
inadvertently on the core laminations in the bore, or metal parts (e.g., bolts and wash¬ 
ers) becoming loose during operation and landing on the core in such a way that lami¬ 
nations are shorted. 
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Due to skin-effects most current flows in the periphery of the conducting 
material. Therefore, the following applies: 

- Induced volts area 

- Loop resistance « perimeter 

- Current « area / perimeter 

- Losses = PR 

For the full block : 

- Induced volts «: L^ 

- Loop resistance «: 4L 

- Current«: L/4 

- Losses a: L^M 

For the same block divided into four insulated “laminations”: 

- Induced volts in one section « L^M 

- Loop resistance of one section «; 2.5L 

- Current in one section cc L/10 

- Losses in one section cc L^MO 

- Total loss for all four sections cc L^/IO 

This means that by dividing the original metal sheet into four insulated 
laminations, the total eddy-current loss was reduced 2.5 times. 


Fig. 4.8 Interlaminar insulation reduces eddy-current losses in the steel. 


To obtain a better perspective of the dramatic impact of eddy-loss heating during a 
V/Hz event of large magnitude, let us look at how deep saturation of the core affects 
the flux distribution in the stator. Figures 4.10 and 4.11 depict how the leakage flux 
past the back of the core increases a great deal due to a large V/Hz event. From inspec¬ 
tion of Figure 4.11 and Figure 4.9, it becomes obvious how the lamination losses are 
increased drastically by the laminations shorted by the supporting bars. For instance, in 
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Fig. 4.9 Laminated-core eddy-current loss as percentage of full-block loss. This 
graph shows the cumulative effect of decreasing eddy-current losses by laminating 
the core steel. 


the case presented in this section as an example, the additional eddy losses may be am¬ 
plified by two or three orders of magnitude. So, instead of 10 W/kg in the core area and 
15 W/kg in the teeth area, one may have thousands of W/kg of additional losses. For 
example, for a 7000 W/kg additional loss, the adiabatic temperature rise of the lamina¬ 
tions over one minute is over 900°C. Reference [8] contains typical values of the tem¬ 
perature capability of lamination coatings, from which it can be seen that continuous 
capabilities are in the higher 100°C to lower 300°C range, and may reach into the 800s 
for certain coatings under ideal conditions of an inert gas atmosphere. These numbers 
will vary according to the type of coating (inorganic vs. organic) and manufacturer. 
However, it can be said that 900°C will damage most if not all insulation, creating the 
opportunity for short circuits to appear between laminations. These short circuits are 
the ones that facilitate additional eddy currents to flow after an overflux event, eventu¬ 
ally causing more insulation damage until the core is destroyed. One can see from Fig¬ 
ure 4.9 that if enough laminations participate in an intense overfiux event, the temper¬ 
atures attained by the core in a few seconds can easily reach over a few hundred 
degrees centigrade, impacting the long-term integrity of good coatings and partially 
destroying coatings that have already been compromised by age, previous V/Hz 
events, loose cores, and normal core vibration due to magnetostriction. 

IEEE Standard 67 states that generators are normally designed to operate at rated 
outputs of up to 105% of rated voltage [1,16]. ANSI/IEEE C57 standards for trans¬ 
formers state the same percentage for rated loads and up to 110% of rated voltage at no 
load. In practice, the operator should make sure (by consulting vendor manuals and 
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The laminations present an open- 
circuit path to the eddy currents. 
Losses are minimized, per design. 


Fig. 4.10 Flux distribution in stator core during normal operation. 


pertinent standards) that the machine remains below limits that may affect the integrity 
of both the generator and the unit transformer. For operation of synchronous machines 
at other than rated frequencies, refer to IEEE Std 67-2005 [16]. 


4.2 OPERATING MODES 

4.2.1 Shutdown 

Shutdown mode refers to the time when the generator is offline and not connected to 
the system. It also implies that the generator is at zero speed, with the main generator 
and field breakers open. Therefore, there is no energy flowing to or from the generator. 

4.2.2 Turning Gear 

Turning gear mode is the mode of operation when the generator’s rotor is turned at low 
speed. Turning gear mode is generally used in two instances: (1) when the generator is 
to be put back online and (2) when the generator comes offline from operation. 
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The laminations are short-circuited on both 
sides by the core-supporting bars, resulting in 
extremely large eddy-current losses. The 
eddy currents are induced by the large 
leakage flux due to deep core saturation. 


Fig. 4.11 Flux distribution in stator core during an overflux event. 


In the first instance, the generator is usually started from rest with the turning gear, 
once high-pressure lifting oil has been applied to the bearings, and then brought up to 
turning gear speed. The generator is then rolled off the turning gear by firing the tur¬ 
bine, and brought up to rated speed. The turning gear assists in reducing the required 
starting torque on the rotor and allows a smooth start of the turbine (for those units 
without a starter motor). 

When coming offline, the generator is in the “hot” condition and requires a cooling 
down period, on a slow roll, prior to being allowed to sit in one position for any length 
of time. This is done to eliminate the possibility of a permanent bow being established 
in the rotor forging. The turning gear is used to accomplish this slow roll during the 
cool-down period. 
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Depending on the manufacturer, the turning gear speed may typically be anywhere 
from 3 to 50 rpm. The typical design consists of an induction motor (e.g., sized 10 HP 
for a 155 MV A, 3600 rpm generator) linked by a gear-reduction system to the genera¬ 
tor’s shaft. Once the machine is accelerating by the force of the turbine, the gearbox 
delinks the motor from the generator. When performing a visual inspection of the in¬ 
side of the machine, it is important to ascertain that the turning gear mechanism will 
not be energized inadvertently (more about this in the section about inspections). See 
Figure 4.12 for a typical turning gear arrangement. 

4.2.3 Run-up and Run-down 

Run-up refers to the period of speed increase from turning gear to rated speed by steam 
admission to the turbine, in the case of a steam-driven turbine, or by turbine firing, in 
the case of a combustion turbine. Alternatively, the unit may be accelerated by a “pony 
motor,” or by a solid-state variable-speed drive temporarily driving the generator as a 
motor. Run-down refers to the period of speed decrease when the generator is taken of¬ 
fline and allowed to coast down from rated speed to the speed at which it is placed on 
the turning gear. 

During both modes of operation, the generator goes through its critical speeds. 
There are generally two critical speeds in large generator rotors. These are the natural 
resonance frequencies of the generator rotor mounted on its bearings. The rotor can be¬ 
come damaged if allowed to spin at these speeds for any length of time. Therefore, to 



Fig. 4.12 1250 MVA, four-pole, hydrogen-cooled generator. Shown is the shaft- 
mounted part of the generator’s turning gear system. Not shown is the turning gear 
electric motor. The turning gear is being overhauled as part of the main outage under¬ 
taken by the unit. 
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avoid rotor damage, care is taken to run through these two frequency points fairly 
quickly. 

4.2.4 Field Applied Offline (Open Circuit) 

The condition of the generator when the field is applied but the machine is not con¬ 
nected to the system is referred to as the open-circuit condition. At open circuit, if the 
generator is spinning at its rated speed and the field’s current magnitude equals the am¬ 
peres field-no load (AFNL), the voltage at the generator’s terminals will be the nomi¬ 
nal voltage. 

4.2.5 Synchronized and Loaded (Online) 

Once the generator is at rated speed and rated terminal voltage, the sinusoidal wave¬ 
form of the generator output must be matched to the system waveform by frequency, 
voltage level, and phase shift. The frequency and voltage level are achieved in the 
open-circuit condition when the generator is brought to rated speed and the field cur¬ 
rent is raised to the AFNL value (see previous section). The phase shift (or vector 
shift) is accomplished automatically by a “synchronoscope,” which adjusts the genera¬ 
tor output voltage to be in phase with that of the system, or manually by the operator. 
Once the generator is synchronized to the system, the main generator breaker is closed 
and the generator is connected to the system. At this point, loading the turbine will in¬ 
crease the generator’s MW output. Power factor and reactive power output are adjust¬ 
ed by changes to the rotor field current. More about synchronizing the generator to the 
system can be found in Chapter 6. Table 4.1 contains a useful method to determine the 
generator operating mode, using indications of generator main (line) breaker status, 
field breaker status, rotor speed, and terminal voltage. 

4.2.6 Start-up Operation 

Following is a nonexhaustive list of activities that must be followed before attempting 
to start a generator: 

• Make sure all protection is enabled and operational. In some protective schemes, 
a number of relays may have to have their trips curtailed during start-up. Make 
sure the OEM’s operational instructions are followed to the letter. 

• Do not attempt to reenergize the machine without an investigation after a protec¬ 
tive relay has operated during a start-up. 

• Follow OEM instructions regarding prewarming. 

• Follow OEM instructions regarding application of the field current and turbine 
speed. 

• Establish clear procedures when energizing cross-compound machines. 

• Watch the maximum terminal voltage on open-breaker operation. 

• Establish clear and safe synchronizing procedures and follow them carefully. 
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Table 4.1 Generator operating modes 



Generator 

breaker 

Field 

breaker 

Rotor speed 
(rpm) 

Terminal 

voltage 

Shutdown 

Open 

Open 

0 

0 

Turning gear 

Open 

Open 

0 < rpm < 50 

0 

Run-up/run-down 

Open 

Open or 
closed/open 

50 < rpm < rated 

0 

Field-applied open circuit 

Open 

Closed 

Rated or lower 

Rated or lower 

Synchronized and loaded 

Closed 

Closed 

Rated 

Rated ±5% 


Note: Turning gear speed is manufacturer dependent. Conditions in the table are typical for any industrial 
generator. 


Prewarming. Prewarming of the turbine-generator unit is designed to maintain 
mechanical stresses within the turbine and the generator within acceptable levels. It is 
necessary to prewarm generator rotors, especially those of an older vintage, so that the 
iron temperature is greater than the “FATT values,” at which the material is much 
more brittle. Sudden loading of a cold unit will stress certain components much more 
than the application of a gradual load. Prewarming also has the effect of curtailing the 
thermal differentials within critical components of both turbine and generator. In some 
cases, when certain problems exist, it might be advisable to enhance the prewarming 
operation. The operator should closely follow the OEM’s instructions regarding pre¬ 
warming. For additional information, refer to IEEE Std. 502-1985, Section 9.5 on tur¬ 
bine rotor prewarming [3]. 

4.2.7 Online Operation 

Following is a nonexhaustive list of activities that must be followed during the opera¬ 
tion of a generator: 

• The unit must remain within its capability curve at all times. 

• Voltage regulators and power system stabilizers (when applicable) should be in 
operation at all times. 

• All protection and monitoring devices must be in fully functional condition and 
always in operation. 

Typical generator trips are: 

• Stator phase-to-phase fault 

• Stator ground fault 

• Generator motoring 

• Volts/Hz 

• Loss of excitation 

• Vibration (if unit is not closely monitored by personnel) 
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Other protective functions/systems might also trip the unit, according to specific 
unit requirements and design. 

Note. See Section 4.10 for an example of generator operating instructions provided 
by a generating company. 

4.2.8 Shutdown Operation 

Following is a nonexhaustive list of activities that must be followed during the shut¬ 
down of a generator: 

• The turbine should be tripped before the generator. 

• Make sure the generator does not motor the turbine. (Flowever, in some in¬ 
stances, especially in nuclear plants, the system is designed such that the genera¬ 
tor can “synchronously” motor the turbine. The turbine still has vacuum applied 
and the reactor is brought back up to power within a given period; however, this 
can be many hours and it is a special requirement, not a standard case.) 

• Attain electrical separation by following clearly established safe routines. 

• Place the unit on the turning gear as deemed necessary, for cooling out of the tur¬ 
bines and to avoid bowing of the rotor shaft during cooling-down periods. 


4.3 MACHINE CURVES 

4.3.1 Open-Circuit Saturation Characteristic 

The open-circuit saturation curve for the generator provides the characteristic of the 
open-circuit stator terminal voltage as a function of field current, with the generator 
operating at rated speed. 

At low voltage and, hence, low levels of flux, the major reluctance (magnetic resis¬ 
tance) of the magnetic circuit is the airgap. In the linear portion of the open-circuit 
curve, terminal voltage and flux are proportional to the field current. This portion of 
the open-circuit saturation curve, which is linear, is called the “airgap line.” At higher 
voltages, as the flux increases, the stator and rotor iron saturate, and additional field 
current is required to drive magnetic flux through the iron. This is due to the apparent 
higher reluctance of the magnetic circuit. Flence, the upper part of the curve bends 
away from the airgap line at an exponential or logarithmic rate, dependent on the satu¬ 
ration effect in the stator and rotor. Without the presence of iron in the circuit, the air- 
gap line would continue on linearly, meaning that the terminal voltage and machine 
flux would increase in linear proportion to the increase in field current. (Figure 4.13 
shows the open-circuit saturation curve.) 

4.3.2 Short-Circuit Characteristic 

The short-circuit characteristic curve is a plot of stator current (from zero up to rated 
stator current) as a function of field current, with the stator winding terminals short- 
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Field Current 

IpNL = Field current required to produce open-circuit rated voltage 

Ipsc = Field current that produces rated armature current with short-circuited terminais 

The S.C.C. relates almost exclusively to the “armature reaction” of the machine 
Short-circuit ratio (SCR) = 

Ipsc 

In turbo-generators (most) SCR = 0.5 - 0.6 

Fig. 4.13 Open-circuit characteristics (OCC). Also shown are short-circuit curves 
(SCCs) and other points of interest as well as a graphic definition of the short-circuit ra¬ 
tio (SCR). The SCO relates almost exclusively to the “armature reaction” of the machine. 


circuited and the generator operating at rated speed. The short-circuit curve is usually 
plotted on the same graph along with the open-circuit curve. The short-circuit charac¬ 
teristic is for all practical purposes linear because in this short-circuit condition the 
flux levels in the generator are below the level of iron saturation. 

The short-circuit curve is also called the “synchronous impedance curve” because it 
is the synchronous impedance of the generator that determines the level of the stator 
current for the machine. This can be readily seen by inspection of Figure 1.35 in Chap¬ 
ter 1. It can be seen in the figure that when V, = 0, the entire internal generated voltage 
(E„) is dissipated across the synchronous impedance (ZJ. The synchronous imped¬ 
ance is highly dependent on the armature reaction of the machine (X^). 
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Both open- and short-circuit characteristics are shown in Figure 4.13. The figure 
also presents a number of typical acronyms that are commonly encountered when dis¬ 
cussing machine characteristics. 

4.3.3 Capability Curves 

Capability curves are plots of apparent power capability (MVA), at rated voltage, us¬ 
ing active power (MW) and reactive power (MVAR) as the two principal axes. Cir¬ 
cumferences drawn with their centers at the origin represent curves of constant stator 
current. A capability curve (see Fig. 4.4) separates the region of allowed operation, in¬ 
side the curve, from the region of forbidden operation, outside the curve. 

On an x-y graph where the x axis represents MW and the y axis represents MVAR, 
a circumference represents a constant MVA. If, as in the case of a machines capability 
curve, the voltage is kept constant (at rated value), then a circumference also repre¬ 
sents a constant-current trajectory. On the same graph, any line starting at the intersec¬ 
tion of the axis represents a particular power factor (see Fig. 4.14). Different parts of 
the capability curve are limited by different machine components. There is a part limit¬ 
ed by field winding capability, a part limited by stator winding capability (the circular 
part), and a part limited by core-end heating, as shown in Figure 4.4. 


MVAR 



Fig. 4.14 Constant MVA, current, and power factor plotted on a MW-MVAR graph. 
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As the power factor is varied from fully overexcited, through unity, to fully under¬ 
excited, first the field current, then the stator current, and then the stator core ends are 
limiting. Accordingly, curves that define a turbo-generator’s capability have three seg¬ 
ments that pictorially describe the effect of the capability of the three machine compo¬ 
nents. 

Furthermore, the capability curve represents the fact that the maximum temperature 
of the machine components during operation depends on the pressure of the hydrogen 
in hydrogen-cooled generators. This is shown as a set of curves, each for a given hy¬ 
drogen pressure, up to the rated pressure. A similar set of curves can be drawn for var¬ 
ious water-inlet temperatures in directly or indirectly water-cooled machines. This top¬ 
ic is discussed in Section 4.1.6. 

Construction of Approximate Reactive Capabiiity Curve. As stressed of¬ 
ten in this book, operators should always maintain the generator within the capability 
curves of the machine. Given the importance of this, it is rare for the capabilities of a 
generator to be unavailable. However, for those rare occasions, one can construct an 
approximated capability curve for the lagging region by following the guide provided 
in ANSI/IEEE C50.30-1972 or later, IEEE Std. 67. For convenience sake, the method 
is shown in Figure 4.15. 

Limits Imposed by the Turbine and the System. The turbine and the gener¬ 
ator are designed to operate as a unit. As was stated earlier in this book, the generator 
rating is almost always designed to be somewhat larger than the turbine. This fact is 
shown on the operator’s screen as a line inside the maximum MW output of the unit at 
unity PF (see Fig. 4.16). In addition, system stability issues may limit the number of 
MVARs the unit can import when operating in the leading PF region. This fact is 
shown as a line crossing the leading portion of the capability curve (see Fig. 4.16). 
Therefore, the “working” capability curve of the entire unit represents a combination 
of generator, turbine, and system constraints. 

Pay attention to the fact the orientation of Figure 4.16 is different than that of Figure 
4.4. In the United States and many other countries, it is common to show the MW axis 
on the horizontal. However, in Canada, the United Kingdom, Australia, and some oth¬ 
er countries, it is common to present the capability curves with the MW on the vertical 
axis and the lagging MVAR on the right side of the horizontal axis. Figure 4.16 also 
presents all parameters as per unit (pu) of rated values. 

Capability Curves Adjustments for Nonrated Terminal Voltage. As dis¬ 
cussed in Section 4.20, most generators allow a ± 5% voltage deviation from nominal 
volts. Capability curves’ behavior must be understood when attempting to operate at 
maximum ratings below rated voltage. For instance, if operating at -5% voltage, the 
armature current should not be increased beyond its rated value, but the leading section 
of the capability curve shrinks by about the same 5%. The lagging (field-dominated) 
section expands by a similar amount. The opposite is true when operating at -i-5% volt¬ 
age. See Figure 4.17. 
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Fig. 4.15 Construction of approximate reactive capability curve, per IEEE Std. 67. 
The top curve is drawn after the intersection of the rated MVA circumference and the 
rated PF line. The leading (bottom) part of the curve is too dependent on the specific 
machine design to be drawn by any general algorithm. 


4.3.4 V-Curves 

V-curves provide the apparent power (MVA) as a function of field current, plotted for 
various constant power factors, holding speed and stator voltage at the rated values. 
Horizontal lines represent constant stator current. The rating of the generator is the in¬ 
tersection of the line for rated apparent power (1.0 per unit) and the curve for rated 
power factor (usually 0.85 or 0.9 lagging). All constant-power-factor curves converge 
at a common point at zero apparent power. This is at the field current for rated voltage, 
open circuit. 

Vertical and horizontal lines can also be shown for the field and stator winding ca¬ 
pabilities at varying hydrogen pressures. The reduction in capability caused by stator 
core-end heating at low levels of excitation, below 0.95 power factor, leading, can also 
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MX (p.u.) 

Fig. 4.16 Capability characteristics of a generator showing turbine and power system 
stability constraints. The curve is shown with the MW on the vertical axis. This is com¬ 
mon in Canada, the United Kingdom, Australia, and a few other countries. 


be included, as can be done for turbine- and system-imposed limits. See Figure 4.18 
for a typical V-curve. 


4.4 SPECIAL OPERATING CONDITIONS 

4.4.1 Unexcited Operation (“Loss-of-Fieid” Condition) 

Operation without field current is potentially dangerous and can occur under a number 
of circumstances. The following are the most common two: 

1. Loss of field during operation. If for some reason the field current goes to zero 
while the generator is connected to the system, the machine starts acting as an 
induction generator. The rotor operates at a speed slightly higher than synchro¬ 
nous speed and slip-frequency currents are developed. These penetrate deep into 
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MX (p.U.) 


Fig. 4.17 Capability characteristics of a generator showing adjustments for operation 
over and under rated terminal volts (± 5% of rated). 


the rotor body because they are of low frequency (this does not represent the 
skin effect discussed in case 2, below). Severe arcing between rotor components 
and heavy heating may result. The ends of the stator core also experience heat¬ 
ing due to stray fluxes in the end region, more severely than for operation at un¬ 
derexcited power factor. Protection is commonly provided to prevent or mini¬ 
mize the duration of this mode of operation, by the so-called loss-of-field relay. 

2. Inadvertent energization. If a generator is at rest and the main generator three- 
phase circuit breaker is accidentally closed, connecting it to the power system, 
the magnetic flux rotating in the airgap (or gas gap) of the machine at synchro¬ 
nous speed will induce large currents in the rotor. The stator windings will also 
be subjected to high electromagnetic forces at the time the main breaker is inad¬ 
vertently closed. The rotor then will tend to start rotating as an induction motor. 
The very high currents induced in the rotor will tend to flow at its surface, in the 
forging, wedges, and retaining rings. As the rotor accelerates, the currents will 
penetrate deeper and deeper. The maximum damage occurs while the speed is 
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Fig. 4.18 Typical V-curves for generator operation. (Copyright © 1987, Electric Power 
Research Institute.) 
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low and the large currents concentrate in a thin cross section around the surface 
of the rotor (due to the skin effect). The temperatures generated by the large cur¬ 
rents, flowing in a relatively small cross section of the rotor, create very large 
temperature differentials and large mechanical stresses within the rotor. Areas 
most prone to damage are at the ends of the circumferential flex slots. Other 
areas are the wedges and in the body-mounted retaining rings, the area where the 
rings touch the forging and the end wedges (see Figs. 4.19 and 4.20) 

The initial stator current supplied from the power system will also be very high, but 
the most vulnerable part of the generator is the rotor. As the rotor speed rises, stresses 
increase at the same time that the temperatures of the stressed regions increase due to 
circulating rotor body currents. Generators have been destroyed from this event, as ex¬ 
treme temperatures reduce the component material strengths. The internal rotor com¬ 
ponents are so weakened that they cannot handle the applied loads any longer. The re¬ 
sult can be that the rotor wedges or retaining rings fail. Therefore, protection is needed 
for the generator, even when it is out of service, to prevent or at least limit motoring 
from rest. Overheated ends of the circumferential flex slots can over time develop 
cracks in the forging, compromising its integrity. 

Heating of the ends of the stator core is strongly affected by stray magnetic flux in 
the end region. This field is complex and is affected by the magnitudes and angular po¬ 
sitions of the current in the stator and rotor windings. 

In addition to the above consequences, the turbine is connected to the generator, 
and if there is no vacuum on the turbine at the time, this can result in overheating of the 



Fig. 4.19 Schematic representation of a turbo-generator’s rotor and the areas most 
prone to be damaged by the “skin currents” generated during inadvertent energization 
events. 
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Fig. 4.20 Temperature rise measured at the end of the rotor body during short-term 
unbalanced load operation. (4 given as per unit). (Reproduced with permission from 
Design and Performance of Large Steam Turbine Generators, 1974, Asea Brown 
Boveri.) 


turbine blades and casing. Another consequence could be wiped bearings and over¬ 
heated rotor journals if there is no oil to the bearings at the time of the event. 

4.4.2 Negative-Sequence Currents 

A three-phase balanced supply voltage applied to a symmetrical three-phase winding 
generates a constant-magnitude flux in the airgap of the machine, which rotates at syn¬ 
chronous speed around the circumference of the machine (see Fig. 1.32). In addition, 
the slots and other asymmetries within the magnetic path of the flux create low-magni¬ 
tude space harmonics (i.e., fluxes that rotate in both directions) of multiple frequencies 
of the fundamental supply frequency. In a synchronous machine under normal opera¬ 
tion, the rotor rotates in the same direction and speed as the main (fundamental) flux. 

When the supply voltage or currents are unbalanced, an additional flux of funda¬ 
mental frequency appears in the airgap of the machine. However, this flux rotates in 
the opposite direction from the rotor. This flux induces in the rotor windings and body 
voltages and currents with twice the fundamental frequency. These are called negative- 
sequence currents (Ij)- The negative-sequence terminology derives from the vector 
analysis method of symmetrical components. This method allows an unbalanced three- 
phase system to be represented by positive, negative, and zero sequences. The larger 
the imbalance, the higher is the negative-sequence component. 

There are several abnormal operating conditions that give rise to large currents 
flowing in the forging of the rotor, rotor wedges, teeth, end rings, and field windings of 
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synchronous machines. These conditions include unbalanced armature current (pro¬ 
ducing negative-sequence currents), inadvertent energization of a machine at rest, and 
asynchronous motoring or generation (operation with loss of field), producing alter¬ 
nate stray rotor currents. As was shown in the previous section, the resultant stray rotor 
currents tend to flow on the surface of the rotor, generating (4)^./? losses with rapid 
overheating of critical rotor components. If not properly controlled, serious damage to 
the rotor will ensue. Of particular concern is damage to the end rings and wedges of 
round rotors (see Figs. 4.19 and 4.20). 

All large synchronous machines have (or should have) installed protective relays 
that remove the machine from operation under excessive negative-sequence currents. 
To properly “set” the protective relays, the operator should obtain maximum allowable 
continuous negative-sequence 4 values from the machine’s manufacturer. The values 
shown in Table 4.2 are contained in IEEE C50.13-2005 as values for continuous I 2 cur¬ 
rent to be withstood by a generator without injury, while exceeding neither rated MVA 
nor 105% of rated voltage. 

When unbalanced fault currents occur in the vicinity of a generator, the I 2 values of 
Table 4.2 will probably be exceeded. In order to set the protection relays to remove the 
machine from the network before damage is incurred, but avoiding unnecessary relay 
operation, manufacturers have developed the so-called (4)^^ values. These values rep¬ 
resent the maximum time in seconds a machine can be subjected to a negative-se¬ 
quence current. In the {l 2 )^t expression, the current is given as per unit of rated stator 
current. These values should be obtained from the manufacturer. Table 4.3 shows typi¬ 
cal values given in the standard [17]. 

Figure 4.21 depicts in graphic form the last two rows of Table 4.3, representing the 
negative sequence capability of generators with direct-cooled stator windings. 

4.4.3 Off-Frequency Currents 

There are sources, in the generator and the power system, of currents at frequencies 
other than that of the power system. For example, current components at higher fre- 


Table 4.2 Values of permissible 4 current in a generator 


Type of generator Permissible 4 as % of rated stator current 

Salient pole 

Without connected amortisseur winding 

5 

With connected amortisseur winding 

10 

Cylindrical rotor 

Indirectly cooled (rotor) 

10 

Directly cooled (rotor) 

— 

to 350 MVA 

8 

351 to 1250 MVA 

8-(MVA-350)/300 

1251 to 1600 MVA 

5 
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Table 4.3 Values of permissible (4)^? In a generator 


Type of machine 

Permissible 

Salient-pole generator 

40 

Salient-pole condenser 

30 

Cylindrical rotor generator (the subject of this book) 

Indirectly cooled 

30 

Directly cooled up to 800 MVA 

10 

800 to 1600 MVA 

10-(0.00625)(MVA-800) 


quencies could be produced by transformer saturation and by incompletely fdtered 
harmonic currents from rectifiers or inverters. Current components at frequencies low¬ 
er than that of the power system have been produced by resonance between power-fac¬ 
tor-compensating series capacitors (used to increase the power handling capability of 
long ac transmission lines) and the inductance of generators and transformers. This is 
commonly known as sub synchronous resonance. 

Off-frequency currents interact with the useful flux in the generator to produce pul¬ 
sating torques felt by the combined turbine-generator shaft system. If the frequency of 
one component of the pulsating torque is identical to the torsional natural frequency of 
any mode of vibration of the complex shaft system, destructive vibration could result. 
The degree of damage depends on the mode shape and the level of the current damping 
present. 



Fig. 4.21 Graphic representation of the negative-sequence capability of generators 
with directly cooled stator windings, according to IEEE C50.12-2005 and IEEE C50.13- 
2005. 
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At the present state of the art, it is not possible to calculate the higher natural fre¬ 
quencies accurately. Hence, designing to avoid higher stimulating frequencies may not 
be feasible. However, since the resonance peaks tend to be sharp (due to low damp¬ 
ing), the likelihood of matching stimulus and response to a frequency is low, but the 
consequences of a match may be severe. 

The frequency of the torque due to sub synchronous resonance is variable, depend¬ 
ing on the level of series capacitance compensation being used at the time. It is neces¬ 
sary to avoid those frequencies that would stimulate a rotor torsional natural frequen¬ 
cy, or to block the current when at a potentially damaging frequency from reaching the 
generator. Sub synchronous resonance in a power system was first studied following 
the destruction in California of two new shafts belonging to generators rated at several 
hundreds of megawatts. In that state, there are long transmission lines compensated 
with series capacitors. The use of power system stabilizers, together with the voltage 
regulator, can suppress these types of harmonics. 

4.4.4 Load Cycling and Repetitive Starts 

It is well known in the power industry that load cycling represents a long-term onerous 
mode of operation. Turbines and generators “like” to be in a steady-state condition, 
meaning where the temperatures in the machine are stable. Any situation in which load 
is changed significantly will result in relatively large changes in temperatures. It is the 
transition time between the steady states that embraces an amalgam of problems. For 
instance, when load is increased suddenly, the conductors will rise in temperature first, 
followed by the core and other components. As the temperature differentials increase 
momentarily, so do the mechanical stresses induced. 

Another consequence of a change in temperature is related to the fact that the cop¬ 
per conductors expand and contract more than the iron core and frame. Sometimes, 
this results in a “ratcheting” effect, by which the conductor or, more often, its support¬ 
ing system, is partially “stuck” and does not fully return to its original position. This 
problem shows up quite frequently in rotors, with resulting deformation of the field 
winding. Figure 4.22 clearly shows the results of such a ratcheting effect in a 90 MVA, 
hydrogen-cooled, 3600 rpm unit. 

Figure 4.22 by no means depicts the only problem resulting from excessive load cy¬ 
cling. Other problems are loosening of stator wedges, looseness of the stator core, 
weakening of the stator end-winding support system, cracking of conductors, weaken¬ 
ing of frame support systems, leakage of hydrogen through gasket degradation, accel¬ 
erated deterioration of rotor and stator insulation, and so forth. 

By far the most onerous load cycling is the complete start-and-stop operation. 
Numerous units nowadays start and stop every day. This type of operation stresses all 
those elements enumerated above to the extreme. Retaining rings, in particular spin¬ 
dle-mounted rings, are significantly stressed during start-stop operation due to the 
flexing they undergo when going from rest to full speed, and vice versa. Recognition 
of this accelerated deterioration of machines operated with many starts and/or load 
cycling demands that the inspection intervals be significantly shorter than for units 
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Fig. 4.22 Rotor field end winding of a 90 MVA, 3600 rpm, hydrogen-cooled generator. 
The top turn of one coil has become distorted and elongated during operation all the way 
across the gap separating it from the neighboring coil, resulting in a severe shorted-turns 
condition. This is the result of ratcheting during cycling and insufficient blocking. 


operated under base-load conditions. The rotor teeth at the slot exits also require de¬ 
tailed inspection, by nondestructive-examination-type methods, for cracking due to 
considerable load-cycling stresses from changes in speed and in conjunction with the 
expansion and contraction of the retaining rings from zero to full speed. 

4.4.5 Overloading 

In Section 4.3.3, the need to remain within the capability curves of the machine at all 
times was stressed. Nonetheless, if a severe overload situation is reached, the need to 
schedule an inspection of the windings of the machine as soon as possible ought to be 
considered. Bear in mind that the heating developed in a conductor is proportional to 
the square of the current. Thus, a 10% overload condition will increase the heat gener¬ 
ated in that conductor by about 20%. The temperature will change also in a similar 
fashion. However, the expected life of insulation is approximately halved for every 8 
to 10°C increase in temperature (the Arrhenius Law, after Svante August Arrhenius, 
1859-1927). Thus, long-term operation at moderate overloads or short-time severe 
overloads can markedly reduce the expected life of a machine’s insulation systems. 

4.4.6 Extended Turning-Gear Operation 

In Section 4.2.2, the benefit of turning gear operation was stated. However, turning- 
gear operation has inherent disadvantages. In particular, long periods of turning on 
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gear may induce production of copper dusting in the rotor field conductors. The rotor 
field coils are rather heavy, and when radial clearances are present in the slot, slow ro¬ 
tation of the rotor results in the coils “falling” and “rising” in the slots (Fig. 4.23). This 
movement and the banging between turns (specifically in those designs with double 
copper conductors) will eventually lead to copper dusting. Copper dust has the poten¬ 
tial to create shorted turns in the rotor field (Fig. 4.24). 

Flow fast the rotor rotates, its dimensions, and the type of conductor are all factors 
in determining if and how much copper dusting will result from extended turning-gear 
operations. It is, therefore, important that the operator learn how the machine will be 
affected from this mode of operation. 

A simple calculation can deliver the minimum turning-gear speed that would elimi¬ 
nate most of the movement that results in the formation of copper dust. It is possible to 
change the turning-gear speed. Therefore, a unit that spends significant time in turn¬ 
ing-gear mode (due to operational or/and dispatch-mode characteristics), and that is 
prone to the formation of copper dust (double copper bar per turn and not consolidat¬ 
ed), could benefit from having its turning-gear speed set above the minimum required 




Fig. 4.23 Schematic representation of the movement of the coil in the slot of a rotor 
when rotated at low speed (turning-gear operation). The continuous pounding of the 
heavy copper bar against the slot-sides, generates, over time, copper dust in those 
coils where copper bars are in touch with each other. 



180 


OPERATION AND CONTROL 



Fig. 4.24 Severe erosion on two halves of a conductor due to continuous pounding 
and the generation of copper dust. 


to eliminate the bouncing of its copper bars in the rotor winding. The calculation de¬ 
scribed below is derived from a real case example. 

Example. Calculation of minimum turning-gear speed to eliminate bar bouncing 
in a rotor for a 1300 MV A, four-pole rotor with a radius to the center of the bottom bar 
equal to 0.635 meters follows. The reader should first refer to Figure 4.25. 

The maximum bounce occurs when the slot is coincident with the vertical axis of the 
rotor. At that point, the centrifugal force (F^) acting on a conductor bar counteracts the 
weight (IT)- For the bars not to bounce, the centrifugal forces on each bar must be equal 
or higher than the weight of that bar. It is very simple to show that the lowest centrifugal 
force acts on the bottom bar (because its radius is the smaller). So the calculations must 
be carried out for the bottom bar. The equation that gives the minimum rotor rpm (revo¬ 
lutions per minute) that keeps all bars pressed toward the outer edge of the slot is 

Minimum rpm = {896/ 

where is the radius to the center of the bottom bar and is given in meters. 

Going back to our example. 

Minimum rpm = (896/0.635)'/2 = 37.6 rpm 

This means that if the turning-gear speed is no less than 37.6 rpm, the formation of 
copper dust is almost completely eliminated. 

Two-pole rotors have inherently smaller radii. Therefore, the turning-gear speed 
will be higher. The same applies for rating of the generator. The lower the rating, the 
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Schematic representation of slot and bars Exploded view of a single bar 

Rj - Radius to center of top bar in slot 
Rb - Radius to center of bottom bar in slot 
ft) - Rotational speed of rotor 
Fo - Centrifugal force acting on bar 
W- Weight of bar 

Fig. 4.25 Forces on the rotor winding inside the slot. 


smaller the diameter, and the faster it must rotate in turning-gear mode to avoid copper 
dusting. 

In most cases of two-pole rotors, increasing the speed is not practical because the 
required speed to stop copper conductor movement is too high for other design issues 
such as those associated with the turbine rotor blades. Therefore, the rotor turning gear 
speed is sometimes reduced to a few rpm to minimize the number of cycles that the 
conductors would be subject to. 

4.4.7 Loss of Cooling 

On occasion, a unit is inadvertently run without cooling medium (mainly water), for 
some period of time. It has happened more than once that someone walking on a tur¬ 
bine deck and seeing external paint blistering and flaking away from a generator’s cas¬ 
ing discovers that the unit was running without its water-cooling system in operation. 
This problem may result in serious overheating of the windings and, perhaps irre- 
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versible, damage. After such an event, the unit ought to be removed from service and 
opened for careful inspection of the windings. 

What type of damage may occur under loss of cooling operation is largely predicat¬ 
ed on the kind of insulation system. For example, thermoplastic systems (asphaltic) 
will deform under severe heating. Oozing of the asphalt may occur. These conditions 
can be very onerous. On the other hand, thermoelastic systems will be more resilient. 
Though a loss of expected life of the insulation might have occurred, the overall situa¬ 
tion of the winding may be satisfactory for long-term operation. 

There are a number of mechanical problems that may also result from high temper¬ 
atures attained during loss-of-cooling operation, such as severe misalignments and 
damage to the end-winding support systems. 

4.4.8 Overfluxing 

Overfluxing occurs when a generator is operated beyond its maximum continuously 
allowed V/Hz. In Section 4.1.13, an elaborate description of overfluxing was included. 
There it was also indicated that overfluxing could destroy a large core in seconds. 

Most common instances of severe overfluxing occur while the machine is being run 
up to speed prior to synchronization with the system. Under those conditions, any 
misoperation of the excitation system, voltage regulator, or the voltage and current 
sensing systems may cause the excitation to go to “ceiling” and the terminal voltage go 
much higher than nominal. If the speed (and, thus, frequency) is rated or lower, the 
V/FIz so attained may cause the machine to be well beyond its capability to withstand 
heating. Also, when the speed is below rated there is reduced cooling because the ro¬ 
tor-fan capability is reduced at lower speed and this will exacerbate the situation fur¬ 
ther. Core melting and/or core-insulation damage are probable results. 

Once the machine is connected to the system, the probability of sudden damage 
due to overfluxing is very low. In any event, it is truly important that V/Hz protec¬ 
tion is properly designed and set. Moreover it is important to design the voltage-sens¬ 
ing scheme for the excitation in such a way that loss of a single potential transformer 
winding will not result in a V/Hz event. ANSI/IEEE C37.106 has a good discussion 
on the subject and presents examples of how to design and set the protection schemes 
[4]. 

Figure 4.26 reproduces the V/Hz withstand curves of a number of manufacturers for 
purposes of illustration only. For your specific machine, consult the OEM when setting 
the protection. 

Voltage Buildup during Acceleration. As stated above, the vast majority of 
serious overfiuxing events occur during the activity of bringing the unit into synchro¬ 
nism with the grid. The following discussion describes the process. 

With the generator terminal breaker open (open-circuit condition), the differential 
of potential across the terminals of the machine are given by the following expression 
(see Chapter 1): 


E = K X B X w 
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0.1 0.2 1 2 10 20 100 minutes 


Fig. 4.26 Permissible V/Hz curves (or V/Hz withstand characteristics) of four manu¬ 
facturers. The permissible area is below the curves. 


where E is the voltage generated across the terminals of the machine, K is a constant 
that depends on the generator’s construction details (such as number of slots, poles, di¬ 
ameter of gap, winding factors, and so forth), B is the flux density across the airgap 
(also called gas gap), and co is the rotational speed of the machine. However, neglect¬ 
ing saturation effects, the flux density is directly proportional to the field current (Ip), 
and 0 ) can be expressed in revolutions per minute (rpm). Then the equation can be 
rewritten as follows: 


E = K X Ip X rpm 


Thus, it can be said that the generated potential at the terminals of the generator is 
directly proportional to the field current and the speed or rotation: 

E a Ip X rpm 

Let us assume that a constant field current (Ip) is applied on the machine as it accel¬ 
erates from rest to full speed. Figure 4.27 depicts the voltage generated as the ma¬ 
chines ramps up in speed. 

Figure 4.28 illustrates how an infinite number of output voltage traces can be 
drawn, each one relating the output voltage, the speed, and the field current. The figure 
also shows the open-circuit field current (Ipoc)> which represents the value of field 
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Output Voltage 
E 



Fig. 4.27 Open-circuit terminal voltage with constant field current applied during ac¬ 
celeration (saturation effects neglected). 


Output Voltage 
E 



speed 

Fig. 4.28 Open-circuit terminal voltage for various levels of field current applied dur¬ 
ing acceleration. 
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current that, when applied to the generator with the terminals open, will result in nom¬ 
inal (rated) voltage at the terminals of the machine at nominal (rated) speed. 

It is important to note that the voltage versus speed line that corresponds to Ipoc 
and matches the nominal output voltage of the generator at full speed also represents 
the nominal V/Hz (or V/rpm) line for all speeds between zero and rated speed. The 
maximum V/Hz line allowed during continuous operation is 5% higher than that, 
based on the fact that, per international standards, generators are designed for nominal 
voltage ± 5% for continuous operation. Figure 4.29 shows the nominal and maximum 
V/Hz bounds. 

In practice, field current is applied not at rest but at full speed or somewhat below 
that. Earlier practice, before the advent of the automatic voltage regulator (AVR), or 
with the advent of the first primitive AVRs, the application of current to the field (by 
closing a field breaker), was carried out after the unit attained its rated speed. As tech¬ 
nology moved forward, AVRs became able to build up voltage in a controlled manner, 
to the extent that field current could be and now is applied in many cases with the unit 
still ramping up speed. There are number of advantages to an earlier and well-con¬ 
trolled application of field current, as explained below. Figure 4.30 illustrates a typical 
trajectory for the voltage generated in the terminals of an open-circuit generator as it 
speeds up from rest to rated speed. 

One must keep in mind that so far, saturation effects have been left out from the dis¬ 
cussion. In reality, there is a limit to how much voltage can be built across the termi- 


Output Voltage 
E 



Fig. 4.29 Nominal and maximum V/Hz bounds. 
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Output Voltage 
E 


If1>If2^IfOC^If4>If5 



The straight line trajectories are obtained when both the 
machine's rate of speed increase and the AVR rate of voltage 
increase are constant. 

The rising broken line to the right of the full line would obtain if 
the speed were to increase at a quicker rate. The opposite 
would happen for slower rates of speed increase. 


Fig. 4.30 Open-circuit terminal voltage trajectory with field current applied before rat¬ 
ed speed. 


nals of the machine when maximum excitation current is applied. Figure 4.5 shows a 
typical behavior for the saturation of a core. Depending on the design of the machine, 
open-circuit voltage may, for all practical purposes, have a ceiling anywhere from 
130% to 160% of nominal voltage. 

Figure 4.31 tries to capture the three-dimensional characteristics of the equation 
shown above, tying the output voltage to the rotor speed and the field current. 

Referring to Figure 4.30, let us now assume that during start-up the field current is 
overapplied, that is, the value of Ipoc is exceeded. This situation is depicted in Figure 
4.32. Obviously, under these conditions the V/Hz safe curve is exceeded. In addition, 
the nominal voltage may or may not be exceeded. 
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The Pentahedron formed by connecting the center of the E-lF-rpm coordinates with 
the rated values of open circuit voltage and speed, and open circuit field current, 
define the area of safe V/Hz operation. 

Curve “a” shows the voltage trajectory when the field is applied at rated speed. 
Curve "b” shows the voltage trajectory when the field is applied at a lower-than- 
rated speed. 

Curve “c” shows the voltage trajectory when the field is applied at a lower-than- 
rated speed, and the V/Hz safe region is breached. 

Cooling limitations (at low speeds) are not considered in this analysis. 


Fig. 4.31 Three-dimensional view of V/Hz safe operation during start-up. 


From the discussion above, an interesting argument can take place about the differ¬ 
ences in consequences to the integrity of the core by experiencing an overflux event of 
the same duration and intensity (i.e., same field current) happening at different values 
of rotor speed. Figure 4.33 shows two traces representing overfiux events of equal 
magnitude and duration. It is clear from the figure that case 2, though having the same 
overflux intensity, has additional detrimental effects related to the higher voltage at- 
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By over-exciting the machine with IF1, the V/Hz rated line is 
exceeded by the ratio of Ifi/Ifoc. and the nominal voltage is 
exceeded (or not), depending on the speed of the rotor. 


Figure 4.32 Overexcited open-circuit terminal voltage during start-up. 


tained (a de facto high pot). An in-depth analysis of the attributes of each event would 
have to take into account secondary effects, such as the fact that at lower speeds (i.e., 
frequencies) the actual hysteresis and eddy losses are lower, but cooling is somewhat 
poorer. The existing literature does not provide a differentiation of V/Hz detrimental 
effects based on the machine’s rpm at the time of the event. The common practice is to 
use the same curves (see Figure 4.26) for both full speed and reduced speed events. 
However, as can be seen in Figure 4.34, the speed at which the overfluxing event takes 
place has a nonnegligible effect that should be taken into consideration in future re¬ 
search. For example, in Figure 4.34 the ratio of the loss at 60 Hz (1.6 W/kg) is roughly 
33% higher than the loss at 50Hz (1.2 W/kg). Therefore, in a 60 Hz generator, an over- 
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flux event at 80% of speed would have a significantly lower impact than an event at 
full speed (all else being equal). Nevertheless, as stated before, this fact is not captured 
in the literature. One must say, though, that by assuming the worst possible scenario, a 
healthy conservative approach can be adopted. 

The reader who wants to extend his or her knowledge of lamination material and 
laminate insulation issues is referred to the book by Beckley [8]. 

Figure 4.35 was drawn to clarify the issue of overreach into regions of operation 
with potential damage to the machine. In the figure, the area of excessive V/Hz can be 
seen as the region above the open-circuit voltage given by Ipoc- The area of excessive 
voltage is above 105% of nominal voltage. In the figure, it becomes clear how the two 
events (cases 1 and 2) described above affect the same machine to different extents. 
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Fig. 4.34 Loss versus frequency at 1 tesla for M310-50A lamination material at 0.5 
mm thickness. 


Summarizing the aforementioned, it can be said that the vast majority of overflux- 
ing events occur with the unit in start-up mode (not synchronized to the grid), and that 
similar overexcitation events may result in different stress on the core and winding in¬ 
sulation, depending on at what speed these events occur. 

4.4.9 Overspeed 

A typical industry rule is that rotors of turbo-generators are designed to withstand a 
120% spin test. Any significant overspeed can damage the rotor components to the ex¬ 
tent that a new rotor or major parts (e.g., retaining rings) are required. The protection 
against overspeed must be well designed and set because a severe overspeed condition 
can be unforgiving. See Figure 4.36 for the unpalatable results of such an event. 

4.4.10 Loss of Lubrication Oii 

The result of a loss of lubrication oil during operation can be catastrophic. Such events 
are not unheard of, but only few result in severe loss of equipment. For this reason, 
lube-oil systems offer redundancy. In general, the backup is provided by an additional 
ac or dc motor, or both, operating a backup pump. Oftentimes, shaft-mounted pumps 
provide critical lubrication for as long as the turbine rotates. 

Failure of this system can be very costly in materiel and lost production. Whatever 
the system, it is very important that it is not forgotten to check the lube-oil system 
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Field applied 
here 



Region of over-flux Region of over-flux 

(high V/Hz) & 

High voltage 


Fig. 4.35 Regions of excessive V/Hz and overvoltage on the open-circuit voltage ver¬ 
sus speed curve. 


when carrying out periodic inspections and operational testing of the unit’s support 
systems. 

4.4.11 Out-of-Step Synchronization and “Near” Short Circuits 

Both out-of-step synchronization and short circuits occurring in or in the vicinity of the 
generator (in particular, between the generator’s terminals and the main step-up trans¬ 
former) can result in severe damage to the unit: sheared coupling and frame supporting 
bolts; damaged stator coils, end-windings and end-winding supports; rotor end-wind¬ 
ing deformation; shaft cracked or sheared; bushings damaged; and so forth. 

The severity of the damage depends, for example, on generator rating, angle between 
system and generator voltage vectors at the moment of synchronization, and type of 
short circuit (phase-to-phase or three-phase). The presence of isolated phase busses 
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Fig. 4.36 Catastrophic failure of a turbo-generator unit due to overspeed (loss of gov¬ 
ernor control). This is a view into the generator (whatever is left of it). 


(IPBs) makes a three-phase bolted short circuit on the terminals of any large generator 
an event with negligible probability of occurrence. Nonetheless, faults within the ma¬ 
chine itself and on the main step-up transformer, or very close to the high-voltage side 
of it, can seriously damage the unit (both generator and turbine). Therefore, before a new 
attempt is made to synchronize the unit after a major out-of-step mishap, or in the after- 
math of a strong and near short circuit, the unit should be opened at both ends for visual 
inspection. Alternatively, when easy access can be achieved for visual inspection, such 
as removing coolers, opening of the end shields might be avoided. 

Out-of-step synchronization protection is provided by a couple of protective de¬ 
vices. See Chapter 6 on generator protection. For additional discussion on sudden short 
circuits, see Section 4.5.7. 

4.4.12 Ingression of Cooling Water and Lubricating Oil 

On occasion, a water leak develops during operation. Also, a large quantity of oil 
might be found to have leaked into the generator during operation or start-up. Both of 
these situations present the possibility of short- and long-term deterioration and dam¬ 
age of many components, such as some types of retaining rings susceptible to water 
stress-corrosion cracking and winding and winding-support system deterioration from 
excessive oil presence. Both issues will be discussed amply in the chapters covering 
monitoring and diagnostics, as well as stator and rotor inspection. Let us say here that 
these events require attention, and the severity of the situation determines how soon. 
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4.4.13 Under- and Overfrequency Operation (U/F and 0/F) 

U/F and/or 0/F operation indicate that the unit is operating slightly under or over the 
rated frequency of the system. Interestingly, the turbine is, in general, more sensitive to 
this condition than the generator. 

In the case of the generator, as well as the transformers connected to the generator, 
the main concern is that while running under frequency and at the highest allowable 
terminal volts, the machine may move beyond the permissible V/Hz region. This con¬ 
dition should result in an alarm generated by the protective scheme, so that the opera¬ 
tor has an opportunity to correct it (lowering terminal voltage or removing the unit 
from operation). 

However, as stated above, it is the turbine element that is more sensitive to U/F and 
0/F operation. The main areas of concern are the turbine blades moving into one of 
their natural frequencies, resulting in accelerated metal fatigue. It was once common 
knowledge that steam turbines are more sensitive than combustion turbines. This is not 
the case nowadays. To keep up with the ongoing drive to improve combustion turbine 
efficiencies, modern-day design practices for these units result in reduced margins, 
making them less tolerant of 0/F and U/F operation, oftentimes less so than steam tur¬ 
bines. The protection of the turbine is done directly by protective devices on the tur¬ 
bine’s panel sensing speed and load conditions (which are always set to the vendor’s 
specifications) and, indirectly, by 0/F and U/F protection monitoring of output volt¬ 
age. 

To prevent damage to the turbine, it is imperative that this protection be set up and 
maintained properly. Manufacturers provide curves for permissible regions of opera¬ 
tion and the maximum accumulated time for the lifetime of the unit, and for periods of 
operation in the restricted zones. The maximum accumulated time over the unit’s life¬ 
time is, in general, given in minutes (usually within a few seconds to a few tens of min¬ 
utes). Figure 4.37 gives an illustration of such withstand curves. In all cases, operators 
must refer to the equipment’s manufacturer for obtaining the correct information on 
their units. 


4.5 BASIC OPERATION CONCEPTS 
4.5.1 Steady-State Operation 

A turbo-generator can be seen as a nonlinear combination of magnetically coupled 
windings, airgap reluctance, and the electrically conductive mass of the rotor body 
(which acts as a distributed winding). Its electrical characteristics when it is operating 
in a steady-state fashion are very different from those when conditions are changing. 
The turbo-generator has different characteristics under slow changes than it does under 
rapid changes. For many conditions, a turbo-generator can be represented as a reac¬ 
tance in series with a voltage source. That reactance takes on different values for dif¬ 
ferent operating conditions. In addition to the familiar concept of a reactance as it 
functions in an electric circuit, there are magnetic considerations that are useful in de¬ 
scribing the operation of a synchronous machine. An inductance (which is multiplied 
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Fig. 4.37 Permissable underfrequency operation curves for machines A and B. For 
machine A, above the broken line operation is allowed below 59.5 FIz, subject to the 
maximum total accumulated time over the life of the machine; below the broken line 
(the shaded area) operation is not allowed. Similar reasoning applies to Machine B. 
The graphs can be extended upward for higher rated frequencies (60 FIz in this case). 
The graphs so obtained for 0/F operation are similar to those for the U/F region. 


by the angular frequency to obtain the reactance) can be defined as the flux linkages 
produced by one ampere of current. Thus, the reactance is a measure of the ease with 
which current produces flux in the machine. 

When the generator is operating in a steady load-carrying condition, it appears to 
the power system as a voltage source connected to the generator terminals through the 
generator’s synchronous impedance (Fig. 1.35, Chapter 1). The generator resistance is 
negligible, and it is common to consider only the generator’s reactance, in this case the 
synchronous reactance X^. 

During steady-state operation, a component of flux in Fig. 4.38 or in Fig. 

1.33) is produced by the stator current, and passes through the same magnetic circuit as 
that for the flux produced by the rotor field winding {<Poc in Fig. 4.38 or in Fig. 

1.33) . This is an effective flux path, and a relatively high value of reactance may be ex¬ 
pected, in the range of 1.5 to 2.1 per unit. The per-unit synchronous reactance is ap¬ 
proximately equal to the reciprocal of the short-circuit ratio. 
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• The flux produced by the armature distorts the main flux produced 
by the DC rotating field 

• The amount of change/distortion depends on Load and Power Factor 


<Pa = 


PF = 1 


PF Lagging PF Leading 



Mainly distortional 
effects 


Demagnetizing effect Magnetizing effects 


Fig. 4.38 Armature reaction. The top part of the figure shows how the resulting flux 
from the fluxes generated by a three-phase balanced winding (where three-phase bal¬ 
anced currents flow) is constant and of value equal to 1.5 times the maximum value of 
the flux produced by each phase. This resultant flux rotates at synchronous speed. 
The bottom part of the figure shows how the stator-produced flux affects the rotor- 
produced flux for unity, leading, and lagging power factors. This is the “armature reac¬ 
tion” effect. <t>pi = Resulting flux in machine, </)a = Aramature produced flux, <t>oc = DC 
field flux. 


The stator-produced flux acts together with the rotor-produced flux to create the to¬ 
tal “useful” (meaning linking both windings) flux, called the resultant flux in Fig. 
4.38 or <^>R in Fig. 1.33). The way the stator-produced flux affects the rotor-produced 
flux is called the “armature reaction” of the machine. This can be clearly seen in Fig¬ 
ure 4.38, where the bottom of the figure presents how the armature reaction affects the 
rotor-produced flux for three power-factor conditions: unity, leading, and lagging. 
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The armature reaction of the generator affects the voltage regulation of the machine 
(i.e., how the terminal voltage changes as the load changes, all other things remaining 
the same; see Fig. 4.39). With lagging power factors, the armature reaction tends to ac¬ 
centuate the voltage drop in the machine, requiring additional dc current to be supplied 
by the exciter for compensation. How much armature reaction exists in a machine is 
the result of design compromises. 

4.5.2 Equivalent Circuit and Vector Diagram 

Section 1.7 in Chapter 1 introduced the reader to the most basic description of syn¬ 
chronous machine operation. In this section, the concept will be further developed, and 
the use of vector analysis will be illustrated with a few very basic examples. 

Figure 4.40 presents the alternator’s basic equivalent circuit that can be used by any 
individual to solve simple application problems. The fundamental circuit equation in 
Figure 4.40 relates machine variables to the connected system’s current and voltage (at 
the generator’s terminals). Figure 4.41 shows the vector representation of the funda¬ 
mental circuit equation in the case of a synchronous machine acting as a generator. 
Figure 4.41 also shows the definition of regulation as it applies to an alternator. 

4.5.3 Power Transfer Equation between Alternator and 
Connected System 

The power transfer equation is one of the basic equations in electric power engineer¬ 
ing. It states: “The power transmitted between two points in an ac circuit is equal to the 



Fig. 4.39 How the armature reaction affects the output voltage of a generator for uni¬ 
ty, leading, and lagging power factors. 
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(One-phase 

diagram) 


E 

Xs 

V. 

Ra 


= Induced electromotriz force (EMF)"' 
= Synchronous reactance 
= Synchronous impedance 
= Terminal voltage 
= Armature (stator) current 
= Armature resistance 


All Phase 
Values 


Fundamental Circuit Equation 


E = V, + la (Ra + jX,) 
E = V, + T3.ZS 




V, 


Load 

(MVA) 


(One line diagram) 

Fig. 4.40 Generator equivalent circuit. The equivalent circuit diagram of a synchro¬ 
nous machine developed in Figure 1.35 is reproduced here. Also shown is the one-line 
representation of the generator behind its synchronous impedance and the fundamen¬ 
tal circuit equation. 


product of the magnitude of the voltages at both ends, times the sine of the angle be¬ 
tween the two voltages, divided by the reactance between the two points.” 

The maximum power that a circuit can deliver between two points is, thus, when 
the sine of the angle between the voltages equals 1, meaning the angle between the 
voltages equals 90°. Figure 4.42 illustrates the power transfer function as it applies be¬ 
tween two electric machines, and between an alternator and the electric power system. 
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Unity Load 
Power Factor 

E>V, 


Lagging 
Load P.F. 

E»V, 




Fig. 4.41 Vector representation of the fundamental circuit equation in the case of a 
generator, for various power factor conditions. Also shown is the formula for the calcu¬ 
lation of the regulation. 


4.5.4 Working with the Fundamentai Circuit Equation 

The following two simple circuit problems with the generator connected to the system 
illustrate how the fundamental circuit equation, the power transfer equation, the active 
power equation, and a little basic trigonometry can be used to obtain solutions. Figure 
4.43 captures those equations in a vector diagram. 

Case 1: Change in Excitation. A generator is supplying power to the system. 
Now let us assume that the excitation is changed but the turbine’s output is not 
changed. Additionally, the system may be assumed to be much larger than that of the 
generator (“infinite” system) so that the frequency of the system (hence, the genera- 
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Power Delivered 


The maximum amount of power that can be 
transmitted between two points in the system is: 



Power = 


X 


Max Power = 


X 


Generator Supplying a System 



Fig. 4.42 Power transfer function applied to the power transferred between two elec¬ 
tric machines, and between a generator and the power system. 


tor’s speed) and the voltage at the terminals do not change. Under these circumstances, 
it is desired to estimate how the power factor PF and the armature current change. 

The solution of this simple problem can be found by inspection of the vector dia¬ 
gram in Figure 4.44. The voltage induced in the machine (E) multiplied by the termi¬ 
nal voltage (Vt) and by the sine of the angle between them (S) represents the power 
transferred from the machine to the terminals (power transfer equation): 
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Load 

Xs»Ra) 

:tR. 



I 3 • Xj • cos (p = E«sin 5 


Power Delivered = V,.|g«cos cp = —‘ «sin 8 

Xj 

* In an “infinite" bus, V, taken as constant 

* E assumed linear with Ip for small changes of I p 

Fig. 4.43 Simple load change and excitation change calculation. The two basic equa¬ 
tions can be combined to solve most steady-state problems of an electric machine con¬ 
nected to a power system (using the power transfer and the active power equations). 

Neglecting generator losses, 

E X V X sin(5) = Power delivered = Turbine’s output (constant) 

However, since as was stated above the terminal voltage does not change, we have 

E X sin(5) = constant 

But E X sin(6) is the vertical projection of E. Clearly, changing the field current 
changes E. So, if E x sin(d) must remain constant, then 8 must change in such a way 
that the vertical projection is still the same. 
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Let’s assume Ip grows from Ip, to Ipj and turbine power output is 
not changed: How will the P.F. and armature current change? 



4. l32X3COS92=laiX5COS(Pi 

, Ig^xX^.SlntP; _ E; . cos (P; ' V , 
•• l32«X3.cos(p2 l3,.X3.cos(p, 


92= tair' 


/Eg "COS §2 - V, \ 

'^l„.X3.cos 9,y 


«X3.cos 9, 
Xj»cos 92 


Fig. 4.44 Change of excitation. The solution of a simple problem of a generator con¬ 
nected to an “infinite” system, where only the excitation is increased from Ip, to Ipg. 
The changes in current and power factor are deduced. 


Finally, we know that the power delivered equals the product of the terminal volt¬ 
age, times the current, times the power factor, cos(^). By combining both equations 
and introducing a little trigonometry, the solution to the problem can be found. 

Figures 4.45a and 4.45b present a simple numerical example for case 1. 
(Recommended Exercise: Repeat this simple example for your generator, using 
MV A, volts, frequency, and field current as they apply to any given load point. After 
calculating the new PF and armature current, use the vendor’s V-curves of your ma¬ 
chine to calculate the new PF and current, and compare these with the calculated val¬ 
ues.) 
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Example 

A13.8 kV generator, rated 500 MVA, is delivering 250 MW @ 0.8 PF lagging 
if the excitation is increased by 10% what are the changes in PF and load amps? 
Assume infinite bus;steam inlet unchanged, and Xs = 125% 

Solution 


@~ih5 


X,= 125% 


L = 13,074 A 




-+■ 250 MW @ 0.8 PF lag 


V, = 7967V 


(Phase value) V, = 


13,800 


: 7967 volts 


250X10® 


® V3‘xVl_lxPF V3‘x13,800x0.8 
KV^rated 13.82 


: 13,074 A 


'BASE - ■ 


= 0.38 Q. 


^^VArATED 
Xg = 1.25 X Xbase = 1 -25 X 0.38 = 0.48 
(Pi = COS"'' 0.8 = 37° 


PD = 3 


7967 X Ei 
0.48 


X sin 6 


-> EiSin 6i = 250 X 10®x 0. _ 48 ^ gQ20 


3 x 7967 



Fig. 4.45a Numerical example for the case shown in Figure 4.44. 


Case 2: Change in Power. In this instance, the turbine’s output is changed 
while feeding an “infinite” system. Thus, the terminal voltage and frequency are kept 
constant by the system. The excitation field is also kept constant. 

In this case, the fact the excitation is kept constant means that E is constant. 
Figure 4.46 shows how from the power transfer equation applied to this case it is ob¬ 
vious that 8 must change with the power P. This fact, and a little geometry, lead to a 
simple solution of the problem. Figure 4.47 provides a simple numerical example of 
finding the change in current and power factor of a generator feeding an “infinite” 
power system when the excitation is kept constant and the turbine’s output is in¬ 
creased. 
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E, cos 5, = V,+ I 3 , xXj« sin cp, 

E,« sin 5, » _ 5,020 _ 

E,xcos^ =tan 6 ,= 7^67 + 13 , 074 .0.48. sin 37“ 

tan -'(0.43) = 5, =23“ 


5,020 
sin 23° 


= 12,771 V 


= sin’ 




.sin 23“ 



<Pi = tan’’ 


t;.cos^-v X / 1 .I .12,771 .cos 21“-7,967Y 
j 3 i.Xs.cos(Piy“‘®" 13,074.0.48.cos 37“ J 


i^i.X^.coscpi 
Xj . cos<P2 


13,074.0.48.0.8 
0.48. cos 46“ 


= 15,056 Amps 


Conciusions 

By increasing fieid current by 10% ^ 

* Power factor moved from 0.8 to 0.7 (LAG) 

* Armature current increased from 13,074A to 15,056A (15% increase) 

Fig. 4.45b Continuation of numerical example for the case shown in Figure 4.44. 


4.5.5 Parallel Operation of Generators 

Most large generators are connected to a common switchyard bus via the main step-up 
transformer, whereas smaller machines, mainly below 100 MVA, may be found con¬ 
nected directly to a common bus, and from there to a step-up transformer. 

When two or more generators have their terminals connected to the same bus, a 
number of issues may arise. The first is the existence of circulating currents. As in 
the case of transformers connected in parallel, generators in parallel are affected by 
circulating currents if voltages and impedance do not match. In the case of genera¬ 
tors, there is an additional degree of freedom not found in transformers: the angle of 
the voltage between both machines. Any mismatch will introduce significant circu- 
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Let's assume the turbine's output is increased from PD1 to PD2 
How will PF and armature current change? 




Fig. 4.46 Change in power. The solution of a simple problem of a generator connect¬ 
ed to an “infinite” system, for which only the power is changed and excitation is kept 
constant. The changes in current and power factor are deduced. 


fating currents, resulting in an exchange of VARs between the units. This results in 
unwanted losses and curtailment of available output from at least one of the units. 
Thus, it is important that the operators control the units’ parameters in such a way 
that circulating currents are kept to a minimum. Figure 4.48 shows how the circulat¬ 
ing current is calculated. 

Interestingly, circulating currents between two or more generators tend to reduce 



4.5 


BASIC OPERATION CONCEPTS 


205 


Example 

A 13.8 kV generator rated 500 MVA, is delivering 250 MW @ 
0.8 PF lagging 

If the output power is increased by 10%, what are the 
changes in PF and load amps? 

Assume infinite bus; excitation unchanged and Xs = 125% 

Solution 


From Previous example we know: V,/ph = 7967V; Ig^ = 13,074A 

E = 12,771V 
Xs = 0.48 Q 



cos (p2 = COS 32.5° = .0.84 
I Pd2 250x IO^x 1.1 

^ ^/3 V( COS {p2 V3 X 13,800 X 0.84 


13,696 A 


• PF increased from 0.8 to 0.84 

• Armature current increased from 13,074 to 13,696A (5%) 


Fig. 4.47 Numerical example for the case shown in Figure 4.46. 


the angle of the terminal voltages of the units. The explanation is beyond the scope of 
this book, but can be found in Chapter 10 of reference [5]. However, if there is a ten¬ 
dency to increase the angle—for instance, one turbine delivering more power than the 
other—then a “hunting” situation might be established between the units. These types 
of situations can be controlled by a fine-tuned AVR and operator input. 
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Common bus at voltage V 



Ic = (Ei-E2)/(Zi+Z2) 


• In the figure, all bold letters represent vector variables. 

• El and E 2 represent the back-emf in each generator, i.e., 
the voltage generated in the armature, before the drop 
across the leakage reactance. 

• Z, and Z 2 represent the synchronous impedance. 

• Ij is the circulating current. 

Conditions for Synchronization are: 

1. Same phase sequence 

2. Same voltage 

3. Remaining within: 

■ Maximum frequency slip 

■ Maximum phase angle 


Fig. 4.48 Calculation of circulating current between two generators connected direct¬ 
ly to the same bus. Also shown are the conditions required for safe synchronization 
between a generator and the system. 


4.5.6 Stability 

One of the most fundamental concerns when operating industrial generators (and syn¬ 
chronous machines in general) is that they may become “unstable” and, eventually, 
“out-of-step” (also known as “slipping a pole or poles”). As explained in Chapter 1, 
the operation of a synchronous machine is predicated on the rotor and stator fluxes 
aligning themselves and rotating together at synchronous speed. When the machine is 
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loaded, a torque angle appears between both fluxes. Similarly, a power angle appears 
between the voltage induced in the machine (E) and the terminal voltage (V,). Recall 
from Section 4.5.3 that the power transfer equation determines the power flow in the 
machine, which is given by 


p = E X Vt X sin(5) 

Thus, the maximum power the machine can deliver is, 

P = E X V* 

^ max ^ t 

This maximum power will occur when the internal generated voltage and the ter¬ 
minal voltage are 90° apart. However, if additional load is applied to the unit, result¬ 
ing in the voltages being pushed apart beyond 90°, the capability of delivering the re¬ 
quired power (and torque) will not be satisfied, and the rotor will come out of 
synchronism. This phenomenon, called out-of-step or slipping poles, is extremely 
onerous. Generators can suffer extreme damage under this condition. Therefore, it is 
the practice to operate a generator with its internal angle not reaching beyond 60 
electrical degrees. Figure 4.49 presents a simplified mechanical equivalent of slip¬ 
ping poles. 

The maximum transfer of power limit applies to any branch or element of the cir¬ 
cuit in which a reactance separates two voltages. For a broader perspective of this is¬ 
sue, let us examine it first from a system’s perspective. 

Figure 4.50 depicts a simple transmission system comprising two lines connecting 
two busses. Both lines are transferring power Pq from bus A to bus B. The top of Fig¬ 
ure 4.50 shows that under that condition, the steady-state point Pg is well within the 
maximum power transfer capability of the two lines, meaning the lines can absorb a 
relatively large increase in transmitted power from A to B, without any stability con¬ 
cern. In mathematical terms, this is indicated by the angle dg ^ 90°. 

Now let us assume that line 2 breaker opens following a fault on it (see bottom of 
Fig. 4.50). The moment line 2 opens, the maximum capability to transfer power from 
A to B is given by the lower curve representing the capability of line 1. However, the 
power being transferred is still Pg. The new equilibrium point (indicated by dj) comes 
very close to the maximum capability of the system. Thus, a relatively small increase 
in load will throw the system into disarray. The system is now denoted as being unsta¬ 
ble or marginally stable. 

A similar treatment can be applied to the generator delivering power to a system. 
Figure 4.51 shows a generator feeding a power system. At normal operation, the 
maximum capability of the system to transfer power is denoted by the higher curve 
in Figure 4.51a. Shown there is the operating internal angle which is significant¬ 
ly lower than 90°. As the system experiences a fault on one of its lines, the load P 2 
is removed and the generator feeds only the remaining Pj. Now, the turbine does not 
(cannot) change its output instantaneously (the turbine keeps “pushing” watts into the 
system), so d advances toward 90° as the system tries to find a new equilibrium. The 
excess power between what the turbine delivers and the output of the generator goes 
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Fig. 4.49 Out-of-Step mechanical conceptualization. 


into accelerating the unit’s rotors and is converted into spinning energy. Depending 
on the power transfer capability of the remaining system and the ratio between Pj 
and Pj, the generator may or may not remain stable. If it does not, it will slip a pole 
(see Fig. 4.49) or, if the protection is adequate, it will be removed from operation. In 
some cases, the system may recover fully or partially (shown by the middle curve in 
Fig. 4.5 Ifl). In that case, there is a greater chance that the generator will stay con¬ 
nected and stable. Mathematically, calculating the areas between the intersection of 
the power transfer curves and the output power can provide an estimation of the sta¬ 
bility (Fig. 4.5 Ih and c). These areas represent the additional spinning energy that 
has gone into the rotors during acceleration. This energy must return to the system 
once the generator is again stable (i.e., its speed is the system’s synchronous speed). 
For a more in-depth study of stability issues, the reader is referred to a number of 
texts (e.g., [6]). 

Transients and Subtransients. In the context of power system applications, 
a transient state occurs while a system is undergoing major changes. This may be due 
to, for instance, faults, switching on or off large loads, or loosing large chunks of 
generation. At the same time, internally, the generator is also undergoing significant 
changes. Under such unsteady conditions, the changing flux produced by the chang- 
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ing stator current in the direct axis (parallel to the pole faces of the rotor) induces a 
voltage in the field winding, resulting in a field current that opposes the change in 
flux and, hence, the change in stator current. This makes it more difficult for the sta¬ 
tor-produced magnetic flux to pass through the rotor poles than in the steady-state 
condition. Under the transient condition, only the leakage flux paths of the stator and 
field windings are available, meaning fewer flux linkages per stator ampere. The re¬ 
sult is that the generator looks like a reactance in the range of 0.15 to 0.35 per unit, 
which is much smaller than the synchronous reactance. This is called transient reac¬ 
tance, often denoted by X'^. 

The transient reactance is important to understanding transient stability, which, as 
stated above, is the ability of the power system to recover from a short circuit that has 
been interrupted, perhaps by circuit-breaker action. “Subtransient” is used to describe 
a rapidly changing condition that may last one to four cycles (0.016-0.07 s in a 60 Hz 
system). In this case, the magneto-motive force (mmf) of the stator winding changes so 
rapidly that it causes currents to arise in the rotor body as well as in the field winding, 
all of these opposing the change in stator current. This restricts the stator-produced 
flux to the stator leakage paths and to the very surface of the rotor. Therefore, the gen¬ 
erator appears as a smaller reactance, in the range of 0.10 to 0.25 per unit. This is 
called the subtransient reactance, often denoted by The subtransient reactance is 
commonly used to calculate the maximum current following a nearby sudden short cir¬ 
cuit. 

Stator and Rotor Transient Capabilities. During sudden increases of rotor 
and/or stator currents, the respective windings are subjected to additional losses. Given 
the short duration of these occurrences, the maximum temperature attained in the con¬ 
ductors is calculated by assuming no additional heat transfer from the conductor to the 
surrounding medium. Figure 4.52 shows the typical transient capabilities of rotors and 
stators of turbo-generators, as given by the standards. From the plot of Figure 4.52, we 
obtain the data listed in Table 4.4. 

4.5.7 Sudden Short Circuits 

If a short circuit occurs suddenly in the power system near a turbine generator, a high- 
current transient ensues, which is of interest for several reasons. In the design of the 
turbine-driven generator, winding forces and torques experienced by the stator and 
torques on the rotor system must be adequately accommodated. Also, external buses 
and circuit breakers that must carry and interrupt the current must be adequately speci¬ 
fied. 

For a sudden short circuit at the stator terminals, the exciter is assumed to be a 
source of constant voltage; it is not controlled by the voltage regulator. In addition, the 
generator appears to react in a linear fashion in terms of electrical and magnetic cir¬ 
cuits. 

Each winding in the generator traps the flux, linking it at the instant of short circuit. 
The relationship is such that the flux linking such a winding does not change instanta¬ 
neously. A large direct current suddenly appears in each phase of the stator winding in 
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Fig. 4.52 stator and rotor transient capability. 


proportion to the flux linking it at the instant of short circuit, in order to sustain that 
flux. Since there is no source of direct current in the stator winding, it decays exponen¬ 
tially to zero in accordance to the stator time constant (in 0.14-0.5 s). Large direct 
currents also arise in the field winding and in the rotor iron circuit to sustain the flux 
trapped in them at the time of the short circuit. The field current decays exponentially 
according to the transient time constant T'^ (in 0.4-1.6 s) to the steady value supplied by 
the exciter. The rotor iron current decays in accordance with the subtransient time con¬ 
stant, ry (0.01-0.02 s) to zero, since there is no source for direct current in the rotor 
iron circuit. 


Table 4.4 Stator and rotor transient capability, permissible transient 
operation 

Stator 


Time (s) 

10 

30 

60 

120 

Stator current (%) 

226 

154 

130 

116 



Rotor 



Time (s) 

10 

30 

60 

120 

Field voltage (%) 

208 

146 

125 

112 


Source: IEEE C50.13 
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Therefore, both a decaying trapped flux in the stator and a decaying trapped flux ro¬ 
tating with the rotor are present. Because of relative motion, the stator flux produces a 
decaying alternating current of power-system frequency in all elements of the rotor, 
and the rotor flux produces a decaying alternating current of the same frequency in the 
stator winding. 

At the instant of short circuit, the value of the dc component of current in each 
phase is equal and opposite to the instantaneous value of the ac component. Thus, there 
is no sudden change in current. 


4.6 SYSTEM CONSIDERATIONS 

Numerous industry standards have been developed, both nationally and international¬ 
ly, that specify the required performance of a turbo-generator. These standards define 
limiting temperatures at rating, required characteristics, and steady and transient con¬ 
ditions that must be successfully tolerated. Such standards are found in IEEE, ANSI, 
lEC, BS, VDE, and other industry publications. 

With regard to the turbo-generator, its primary requirement is to provide electric 
power continuously or for peak-load periods as needed, and to do so reliably and eco¬ 
nomically. A generator is also normally required to provide voltage support to the sys¬ 
tem by supplying the needed reactive power. The rated power factor assures that the 
generator will have adequate ability to carry out this function. 

The rating normally defines the continuous duty required of the generator. A tem¬ 
perature class is assigned to the generator, which defines the thermal capability of the 
electrical insulation systems of the stator and field windings. Turbine generators are 
generally class B, F, or H, which implies a hot-spot capability of 130, 155, or 180°C, 
respectively, as prescribed in industry standards (which also specify limiting observ¬ 
able temperature rise over cold coolant temperatures for each class). 

In sum, the general temperature rises are as follows, but the precise values should 
be taken from reference [2]. 



Class B 

Class F 

Indirect air-cooled stator windings 

85 

110 

Direct air-cooled stator windings 

80 

100 

Indirect H 2 -cooled stator windings 

70-85 

90-105 

Direct Hj-cooled stator windings 

70 

90 

Direct water-cooled stator windings 

50 

50 

Indirect air-cooled rotor windings 

85 

105 

Direct air-cooled rotor windings 

60-80 

75-95 

Indirect F[ 2 -cooled rotor windings 

85 

105 

Direct H 2 -cooled rotor windings 

60-80 

75-95 

Direct water-cooled rotor windings 

50 

50 


Note: The temperature rises given above are all relative to the input temperature of the 
cooling medium, which is 40°C. 
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The wave shape of the stator voltage must be very nearly sinusoidal to avoid certain 
environmental concerns such as telephone interference. To this end, it is common to 
specify a limiting telephone influence factor (TIP), which is calculated from the har¬ 
monic content of the voltage by using a weighting-factor curve that reflects the fre¬ 
quency response characteristics of telephone systems. A limiting deviation factor may 
also be specified. This is a measure of the maximum deviation that the stator voltage 
has relative to a sine wave. 

A voltage response ratio is specified for the excitation system to be compatible 
with the stability needs of the power system. A turbine generator must also be able 
to operate successfully in a real power system where the ideal is not always achiev¬ 
able. Therefore, other conditions that may be experienced by a turbine generator 
must be accounted for in the specification of its required capability, as discussed be¬ 
low. 

4.6.1 Voltage and Frequency Variation 

A generator must be able to deliver rated apparent power at terminal voltages deviating 
from the rated value by up to ± 5%, according to current international standards. These 
standards also specify the frequency range over which rated output can be delivered, 
which the manufacturer must provide. 

4.6.2 Negative-Sequence Current 

The three phases of a power system are not perfectly balanced in voltage and imped¬ 
ance. Accordingly, a small amount of steady negative-sequence current is produced. 
The standards specify a maximum steady negative-sequence current that must be toler¬ 
ated. This value, which varies among the various types and sizes of turbine generators, 
is based on an economic evaluation of system needs and generator rotor heating char¬ 
acteristics (see Section 4.4.2). 

A disturbance may occur on one phase of the power system, which is then isolated 
by circuit breakers. The event may subject turbine generators in the vicinity to a large 
negative-sequence current for a brief period. Recognizing the economics of providing 
tolerance for the rotor heating that would result from such an event, the industry stan¬ 
dards require that a turbine generator be capable of withstanding a prescribed value of 
l 2 t, where /f is the square of the per-unit value of the negative-sequence component of 
current, integrated over the period of exposure t in seconds. 

Calculation of Negative-Sequence Currents. As shown in Chapter 1, any 
three-phase symmetrical system can be shown as a group of phasors (vectors rotating 
at constant speed) representing currents or voltages. For example, Figure 4.53a rep¬ 
resents such a balanced system of phasors. On the other hand, once a fault in the grid 
occurs, or the grid is unbalanced for whatever reason, current phasors will show as 
unbalanced in magnitude and in phase angles. Figure 4.53b shows such a situation 
(the phasors in the figure could represent either currents or voltages). 



4.6 SYSTEM CONSIDERATIONS 


215 



B 


a 

Balanced set of phasors 
rotating (by convention) 
in the counter-clockwise 
direction. 

Fig. 4.53 Sets of balanced and 


C 



b 

Unbalanced set of phasors 
rotating (by convention) in 
the counter-clockwise 
direction. 

unbalanced three-phase phasors. 


To avoid the loss of simplicity introduced by the one-phase equivalent circuit ap¬ 
proach in solving three-phase circuits, symmetrical-sequence components were added 
(first developed by Charles LeGeyt Fortescue, 1876-1936) to the bag of tools electri¬ 
cal engineers use in solving these types of problems. What the theory of symmetrical- 
sequence components states is that any three-phase unbalanced system of vectors (rep¬ 
resenting currents or voltages or anything else) can be replaced by three sets of three 
balanced phasors each: one rotating in the same direction as the original vectors, called 
the positive-sequence set; one rotating in the opposite direction, called the negative-se¬ 
quence set; and one pulsating at the same frequency as the original set, called the zero- 
sequence set. Figure 4.54 shows the original unbalanced set of vectors, together with 
the set of symmetrical component. 

Figure 4.54 shows nine symmetrical-component phasors. However, the same as 
symmetrical three-phase circuits, unsymmetrical circuits can also be solved using only 
one phase with the aid of the symmetrical-sequence components. Therefore, when cal¬ 
culating the negative-sequence components, only one phase is required. For simplicity, 
the phasor representing phase A is always chosen. Graphical methods exist for finding 
the symmetrical-sequence components, and these can be found in many books. Here, 
the mathematical method is introduced by way of a simple example. 

Example for Calculation of Symmetrical-Sequence Components. Let us as¬ 
sume that the following unbalanced system represents currents in a given point in a cir¬ 
cuit: 


A = 10 kA AO' 
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Unbalanced set of phasors 
rotating (by convention) in the 
counter-clockwise direction. 


Cl 



B1 


Equivalent set of symmetrical components: 
The upper (counter-clockwise rotating) set 
represents the positive symmetrical 
components. 

The clockwise rotating set represents the 
negative-sequence set. 

The lower set represents the zero-sequence 
set. 

Common practice uses the following 
nomenclature: 

Positive set uses the “1” subscript. 
Negative set uses the “2” subscript. 

- Zero set uses the “0” subscript. 




Fig. 4.54 An unbalanced set of three-phase phasors and its symmetrical component 
equivalent. 


that is, Phase A has a magnitude of 10 kA and lies at a zero-degree angle from the hor¬ 
izontal. “A” is then the reference phasor: 

B = 12 kA Z250° 

C = 7kAZ110° 

To find Aj, Aj, and Aq (i.e., the positive, negative, and zero sequence phase A pha¬ 
sors), the following equations are used: 
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Ai = (3)(A + axB + a2xC) (1) 

A 2 = (i) (A + X B + a X C) (2) 

A„ = (i)(A + B + C) (3) 


Take note that Aj, Aj, Aq, A, B, and C in the above equations represent vector 
quantities, that is, they have a magnitude and an angle. The operator “a” in the equa¬ 
tions has the following meaning: 

• a rotates the vector 120 ° in the counterclockwise direction (i.e., + 120 °) 

• rotates the vector 240° in the counterclockwise direction (i.e., +240°) 

Solution. Let us write all the variables required for the solution as per the equa¬ 
tions above, both in polar and rectangular form. The transformation from polar to rec¬ 
tangular form of a vector is: 

A = Z angle = A [cos(angle) + j sin(angle)] 

In the present example (vector-quantities are shown in bold): 

A = 10 Z0° = 10 [cos(0°) + j sin(0°)] = 10 + yO 
B = 12 Z250° = 12 [cos(250°) + j sin(250°)] = -4.10 -y 11.28 
C = 7 Z110° = 7 [cos(l 10°) + j sin(l 10°)] = -2.39 + jb.SS 
a X B = 12 Z(250° + 120°) = 12 [cos(370° + j sin(370°)] = 11.82 + 72 .O 8 
X B = 12 Z(250° + 240°) = 12 [cos(490°) + j sin(490°)] = -7.71 + 79.19 
a X c = 7 Z(110° + 120°) = 7 [cos(230°) + j sin(230°)] = ^.50 -j536 
X c = 7 Z(110° + 240°) = 7 [cos(350°) + j sin(350°)] = 6.89 -7I.22 
Now, let us plug these values in equations (1), (2), and (3) above: 

Ai = (i) (10 + 7 O + 11.82 + 7'2.08 + 6.89 -7T.22) = ^ (28.71 + 7 O. 86 ) 

A 2 = ® (10 + 7 O - 7.71 + 79.19 - 4.50 -75.36) = ^ (- 2.21 +73.83) 


Ao = (5) (10 + 7 O - 4.10 - 71 1.28 - 2.39 + 76 . 58 ) = H3.51 - 74 . 7 ) 



218 


OPERATION AND CONTROL 


To convert back from rectangular to polar coordinates, the following formula is em¬ 
ployed. If A is a vector such as 


a + jb 


then 


|A| = V(a2 -E Z>2) 
ZA = arctan {bla) 


In our example: 

Ai = (i) V(28.712 -e 0.862) ^arctan (0.86/28.71) = 9.57 Z1.72° 

Aj = (i) V(2.212 +3.832) ^arctan (3.83/-2.21) = 1.47 Z120° 

Ao = (i) V(3.512 + 4.72) Zarctan (3.51/-4.7) = 1.96 Z-53.24° 

Checking the result. Another key equation with symmetrical-sequence compo¬ 
nents is the following: 


A^Ai + A^ + Ao (4) 

Equation (4) states that the sum of the three symmetrical-sequence components 
equals the original reference phasor. In the present example, the sum of the symmetri¬ 
cal-sequence components found by calculation must equal vector A (= 10 Z0(). 

Then, 

Ai -E Aj + Ao = (^) [(28.71 + 7 O. 86 ) + (-2.21 -E j3.83) + (3.51 -i4.7)] = 10 + 7 O = A 

This proves our calculations are correct. Figure 4.55 shows the original phasor A 
and its associated symmetrical-sequence components. 



A 


The phasor diagram above schematically shows the original 
phasor A and it associated symmetrical sequence 
components. 


Fig. 4.55 Symmetrical-sequence components. 
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The main objective of the calculation was to find out the negative-sequence compo¬ 
nent. The negative-sequence component is normally defined per unit or as a percent¬ 
age of the average of all three original vectors. In our case, 

IA 2 I = 1.47/[(10 + 12 + 7)/3] = 0.152 pu (= 15.2%) 

This type of calculation would be required while analyzing how a generator is af¬ 
fected by the negative-sequence component during a steady-state grid unbalanced con¬ 
dition. In fact, things are a bit simpler, because during grid unbalanced conditions, the 
angles between the phasors can be always taken to be equal to 120°. Also, during un¬ 
balanced grid conditions without a fault, zero-sequence components are almost nonex¬ 
istent, making the search for the negative-sequence component much easier, as shown 
in the following paragraph. Under these steady-state conditions (grid unbalance), the 
value found for the negative-sequence component is used together with Table 4.2 to 
evaluate whether the machine remains within its safe operating region, based on the 
published permissive negative-sequence current values. 

The solution of the previous example included a zero-sequence component. It is in¬ 
teresting to note that this component is mostly nonexistent when calculating short-cir¬ 
cuit currents in any generator with high-impedance grounding (or in the grid, when a 
fault is not present). This applies to all large turbo-generators discussed in this book. 
There is a simpler method to find out the negative-sequence current component when 
there are no zero-sequence currents flowing. This method can be found in reference 
[1]. The method, in the form of a graph, is reproduced in Figure 4.56 for convenience 
of the reader. 

Example of Calculating Negative-Sequence Component for the Case of a 
Short Circuit on the Terminals of the Generator. Let us consider the case of a 
large turbo-generator connected to a bank of three single-phase step-up transformers 
(SUTs). The generator is a four-pole, 60 Hz, direct-water-cooled, 25 kV, 1300 MVA 
unit. When the unit is delivering rated power, a major fault occurs on phase A of the 
step-up transformers. The fault causes a full short circuit across the low-voltage wind¬ 
ing. Figure 4.57 shows the currents flowing prior to the fault and during the fault. It is 
required to calculate the negative-sequence current component and to evaluate if the 
unit remained within the negative-sequence current tolerance capability curves pub¬ 
lished in the standards. For this transient event. Table 4.3 must be used. 

Solution. Inspection of Table 4.3 reveals that for a 1300 MVA machine, the max¬ 
imum permissive { 12 ft is equal to 10 - (5/800) x (1300 - 800) = 6.88. 

The most practical approach would be to read the values of the generator terminal 
currents during the fault, directly off the unit’s digital fault recorder (DFR). One might 
expect all units this size to have installed DFRs. Then, those current values would be 
converted to per unit, and using the graph in Figure 4.56, the negative-sequence com¬ 
ponent of the fault current could be found. Taking also the duration of the fault from 
the DFR, the is then calculated and compared with the value of 6.88. Depending 
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0.7 0.8 Ic 0.9 1.0 


I 2 = Negative-sequence current 
la = Largest of three-phase currents 
Ib = Smallest of three-phase currents 
Ic = Third phase current of interim value 

(All currents in per unit or m amperes) 

Fig. 4.56 Negative-sequence current calculation (only good for the case of negligible 
zero-sequence component). (From IEEE Standard 67-2005.) 
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THE PHASE-TO-PHASE FAULT 

Fig. 4.57 Generator subjected to a phase-to-phase short circuit on its terminals. 
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on what the result of the comparison is, plans for close-up inspection of the rotor com¬ 
ponents may or may not be warranted. For the purpose of this example, let us assume 
that data from the DFR is not available. In this case, one must calculate the fault cur¬ 
rents. Hopefully, by looking at what relays cleared the fault and their settings, one can 
estimate the duration of the fault. Let us assume that the fault cleared by the differen¬ 
tial relays lasted six cycles (= 0.1 seconds). The following expression found in any 
good book on power systems analysis (for instance, reference [9]), gives the phase-to- 
phase subtransient short-circuit current at the terminals of a generator: 

4 '= 1.08 FLL/(^y +X 2 ) S 1.08 V^J{2X'^) 

In the present example, xy = 0.22 pu. Therefore, I\! = 1.08 x 1/(0.44) = 2.45 pu. 

At this stage, a few adjustments ought to be made. For instance, it is known that at 
the start of the fault a dc component will be present. Depending on a number of factors, 
this dc offset may result in the current being at the onset of the fault, close to twice its 
ac value. Although the dc offset decays rapidly, it can be assumed to be present until 
the fault is cleared. A conservative approach may entail taking the dc offset current 
and adding it up, or some of it, to the value 7^', to obtain an equivalent short-circuit 
current. For instance, the value of 1.8 is taken by some authors (reference [9]). In this 
case, the short-circuit current will be /J,' = 1.8 x 2.45 pu = 4.42 pu. 

To calculate the negative-sequence current component, equation (2) presented earli¬ 
er in this section, is used: 

h = I'^ = Qd (4.42 Z0°-Ea2 X4.42 A180°) pu = (^) (4.42) (1 Z0°-E 1 Z420°) 

= 2.55 Z30° pu 

that is, the magnitude of the negative-sequence current is equal to 2.55 pu. 

The rated current of the generator = 1300 MVA/(1.732 x 25 kV) = 30 kA. There¬ 
fore, the kA value of the negative sequence current is 

= 30 X 2.55 = 76.5 kA 


Then, 


ihft = (2.55)2 pu X 0.1 sec = 0.65 « 6.88 

which is well within the permissive region of operation. However, this does not take 
into account the fact that the magnetic field (and, thus, the output current) of the gener¬ 
ator does not go down to zero immediately upon opening of the main breaker. The 
field current is discharged via a shunt resistor or the exciter circuit (in solid-state exci¬ 
tations). The actual decay may take several seconds. Let us say we expect the field to 
dissipate within 1 second. In that case, the total { 12)^1 can be approximately calculated 
in the following way: 


{Ijf't (including field discharge time) = 0.65 - 1 - (2.55/2)^ x 0.5 = 1.46 



4.6 SYSTEM CONSIDERATIONS 


223 


In the calculation, half of the value of the original negative-sequence component is 
used, as an average for the decaying current, and half the time of dissipation of the 
field. The result is still within the permissive calculated value of 6.88. 

The effect that both the duration of the fault and the field dissipation have on the 
calculations can be seen in Figure 4.58. The figure shows that without considering the 
field decay, there is about a 0.85 second margin, that is, the fault, at that level of nega¬ 
tive-sequence current, could last roughly and extra 0.85 seconds without crossing the 
permissive limit. With the field decay included in the analysis, the margin shrinks to 
about 0.37 seconds. 

The authors want to make sure the reader understands that this is a simplified exam¬ 
ple. For a real-case incident, all factors related to the fault should be investigated, and the 
generator’s vendor should be consulted. Different people have differing approaches for 
calculating these quantities, and the responsible engineers in charge of analyzing the 
event should take a more comprehensive look at the situation and available information. 

It is important to note that the fact the calculations may show the unit has not 
crossed into the permissive ( 12)^1 region per se does not indicate that the rotor did not 
develop some damage. Bear in mind that the design formulas in place with each manu¬ 
facturer to assure compliance with this (and other) criterion are not infallible, and cer¬ 
tainly more so with older machines. 


pui2 



Fig. 4.58 Example calculated during a fault versus permissive (I 2 IH of 6.88 (1300 MVA 
machine rating). 
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4.6.3 Overcurrent 

The stator and field windings may withstand periods of overcurrent. For example, if 
the system voltage drops for a brief period, the excitation system may be called upon 
to apply ceiling voltage to the field winding. The field current will rise according to its 
time constant from the initial value to a higher-than-rated value. The higher-than-nor- 
mal current in both windings would result in a brief excursion to higher-than-normal 
temperatures. Accordingly, industry standards require that a generator be capable of 
operating at specified levels of overcurrent in the stator and field windings for a pre¬ 
scribed period of time (see Section 4.5.6). 

4.6.4 Current Transients 

Current transients may occur in a power system, for example, due to a sudden short 
circuit or due to switching when the voltages of the circuits to be connected are un¬ 
equal in magnitude or phase angle. The high currents produce high electromagnetic 
forces in the stator winding in the end regions and in the slots. They also result in tran¬ 
sient torques felt by the rotor and the stator. To ensure that the turbo-generator has the 
necessary ruggedness, U.S. industry standards require that it be capable of withstand¬ 
ing, without mechanical injury, a three-phase terminal, sudden short circuit while at 
load and at 105% voltage. 

4.6.5 Overspeed 

A turbo-generator is required to be able to withstand a brief overspeed test to 120% of 
rated speed to ensure that the rotor system is mechanically sound. 


4.7 GRID-INDUCED TORSIONAL VIBRATIONS 

4.7.1 Basic Principles of Shaft Torsional Vibration 

One system- (grid-) related problem that often arises but is seldom recognized as such 
is damage to the generator from grid-induced torsional vibrations. In 1971, a unit in the 
Mohave Generating Station incurred severe shaft damage (twice!) due to grid-induced 
torsional vibration during commissioning. This event is often noted as the first major 
recorded grid-induced torsional incident that resulted in serious generator damage 
(Figure 4.59). The said incident, eventually classified as a subsynchronous resonance 
(SSR) case of grid-induced vibration also became the catalyst for a significant effort in 
elucidating these types of problems. A cursory search of the technical literature yields 
a very large number of academic papers addressing the issue of turbo-generator shaft 
torsional torques. All the same, the industry in large tends to experience periods of 
great interest (normally just after a well-known and important event), and periods of 
lassitude. A significant event that occurred in 2004 with two large nuclear-driven four- 
pole machines (Figure 4.60) has reawakened the interest of the industry in this topic. A 
number of key references are included at the end of this chapter. Most of those have a 
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Fig. 4.59 Shaft failure in a two-pole machine from a fossil-fuel plant (Mohave Genat- 
Ing Station). 



Fig. 4.60 Shaft cracks in a four-pole machine from a nuclear plant. 
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number of additional references for the reader interested in an in-depth understanding 
of the underlying physical foundations of this subject. 

There are a number of reasons why grid-induced torsional vibration is so elusive. 
First of all, most units in operation do not have torsional vibration monitoring that is 
responsive to this type of vibration. Second, grid-induced vibration, although always 
present to a small degree, is seldom of such a magnitude that it poses a risk to the in¬ 
tegrity of the unit. Third, when grid-induced torsional events are of a magnitude that 
constitutes a risk to integrity of the rotating plant, they tend to be of very small dura¬ 
tion and are not captured by recorders, such as DFRs (digital fault recorders). In fact, 
unless the unit trips during the grid event, most operators would not notice that the unit 
underwent a severe torsional stress event. Fourth, torsional vibration, unlike lateral vi¬ 
bration, is, typically, not felt on the turbine deck, thus, intense torsional events may go 
unnoticed. Interestingly, most occurrences of damage from torsional sources happen in 
the turbines, specifically the low-pressure turbines with those long blades. Therefore, 
almost all recorded incidents of damage are in steam-fired units. Combustion gas tur¬ 
bine generators (CTGs) have brushless excitation and a single-shaft turbine-compres¬ 
sor, thus there is little room for the type of torsional oscillation that occurs in the long 
steam turbine trains that include up to a dozen bearings and several couplings. Genera¬ 
tor damage tends to be less catastrophic than in LP turbines, with the exceptions of 
such failures as noted above, and a few others. 

The complexity of the theory of torsional vibrations is beyond the scope of this 
practical book. However, an attempt is being made herein to present the most rudimen¬ 
tary principles of torsional vibration. The Reference section at the end of this chapter 
includes a number of entries where the reader can find additional references. 


4.7.2 Spring Model of a Turbo-Generator Shaft Train 

In its most simplified view, the main components of a turbo-generator train can be rep¬ 
resented for the purpose of analyzing torsional oscillations as a number of masses con¬ 
nected by springs. The masses represent the main mass of each component, and the 
springs represent the much thinner shafts connecting those main masses. Figure 4.61 
depicts this simplified view. In reality, each major component also exhibits some tor¬ 
sional-spring characteristics. Thus, an exact model will be that much more complex. 
For simple, low-frequency analysis, the simplified model provides quite workable re¬ 
sults. 

The meanings of resonance, natural frequency, and mode are critical to understand¬ 
ing the behavior of the physical model shown in Figure 4.61. Resonance is the period¬ 
ic movement that a system of mass and springs will attain due to a short external stim¬ 
ulus. Natural frequency, in its most basic definition, is the frequency of vibration that a 
system will attain if all variable external stimuli are removed. This is also called the 
natural frequency of the system. At its natural frequency, continued vibration requires 
a minimum of energy. Figure 4.62 depicts the main characteristic parameters in the 
simplest linear and torsional models. 

The systems in Figure 4.62 are so-called “one degree of freedom” systems. More 
complicated systems, such as the one for the turbo-generator train of Figure 4.61, 
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Fig. 4.61 Simplified torsional model of a turbo-generator train. 
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have a number of natural frequencies. This multiplicity of natural frequencies is key 
to understanding the issue of grid-induced torsional vibrations in a turbo-generator 
set. 

The meaning of mode comes as an extension of the aforementioned. Once a res¬ 
onating system reaches its steady-state condition (i.e., it is resonating purely in it nat¬ 
ural frequency), the shape of the deflection pattern is called the mode shape. A com- 


Linear Natural Frequency = (1/2 ji) (k/m)'-'" 



m Mass of object 

I Rotational inertia of object 

k linear or rotational stiffness of spring 


Fig. 4.62 Natural frequencies of both a simple linear and torsional mass-spring sys¬ 
tems. 
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plex system that has a number of natural frequencies will exhibit different deflection 
patterns (mode shapes) for each of its resonant frequencies. Each is given a mode num¬ 
ber; the lowest mode is always for the lowest natural frequency. A node is also defined 
as a characteristic point in the deflection for each mode. Nodes are also given numbers. 
Figure 4.63 provides an example of a torsional system of three masses and two springs. 
Modes and nodes are noted in the figure. Each node is located at the center of the 
lumped masses. Mode-1 represents a lateral displacement of the entire system at fre¬ 
quency equal to zero. Mode-2 shows the system displacement equal in both directions, 
with zero amplitude at the center (Node-2). This would be the first critical frequency, 
that is, coincident with the first natural frequency of the system (Mode-1), with fre¬ 
quency equal to 1, and not considered a resonance mode. Mode-3, coincident with the 
second critical frequency, shows a pattern of deflection in which both ends bend in one 
direction and the center in another. There are two locations where the deflection equals 
zero. 

The locations where the displacement is zero are interesting because any external 
stimuli applied to the system at those points will not have any effect on the system’s be¬ 
havior. 



- MODE 1 

— — — — MODE 2 

. MODE 3 


Fig. 4.63 Simple torsional system of three masses and two springs showing all the 
different modes and nodes. 











4.7 GRID-INDUCED TORSIONAL VIBRATIONS 


229 


4.7.3 Determination of Shaft Torque and Shaft Torsionai Stress 

The calculation of these stresses is rather complicated and beyond the practical ap¬ 
proach of this book. The expertise required almost never resides within a single plant. 
The OEM and specialist in the field are the most qualified to carry out calculations on 
torques and stresses on the moving plant. Although subsynchronous analysis can be 
done successfully with lumped masses and spring models, an analysis for higher har¬ 
monics (supersynchronous) requires complex models of the entire train, and, often, the 
approach that yields the better model is the one in which the parameters of the model 
are taken from actual tests. 

Information about the torsional model of a unit can be obtained by creating short 
circuits at the vicinity of the generator and reading the torsional response in a number 
of locations of interest along the train. This type of test is like a “bump” test, eliciting 
responses in a wide range of frequencies. Another test is carried out by injecting differ¬ 
ent frequencies through the excitation system. In such a way, responses to specific fre¬ 
quency stimulus can be obtained. For additional information, refer to the references at 
the end of this chapter. 


4.7.4 Material Changes Due to Torsional Vibrations 

Metallic shafts may fracture due to a sudden application of torque beyond their maxi¬ 
mum capacity to carry torque, or may fail due to torsional fatigue due to numerous 
twisting cycles. There are a number of mechanisms driving this type of failure, such as 
high-cycle fatigue and low-cycle fatigue, and specific crack initiators such as shaft fil¬ 
let areas, or fretting fatigue areas such as shaft keyways. Also crucial is the issue of 
critical crack and crack growth. The references herein have a wealth of information on 
this subject. A most important fact is that torsional fatigue is lifetime limited. The 
graph in Figure 4.64 provides a view of loss of life of a shaft due to cyclic torsional os¬ 
cillation. The graph shows, for each strain level applied to a shaft, the statistical ex¬ 
pected number of cycles before crack initiation. This graph will be different for differ¬ 
ent metal alloys and geometries. 


4.7.5 Types of Grid-Induced Events 

There are a number of grid events that may result in torsional oscillations of the genera¬ 
tors. Depending on a number of factors, such as the intensity of the event as measured at 
the generator terminals and the type of generator prime driver characteristics, the grid- 
induced events may or may not produce deleterious results (i.e., damage to some of the 
unit’s components). Some “events” are really not events, but conditions that may be per¬ 
manent fixtures on parts of the power system. The following subsections list some of the 
grid events and conditions that may induce torsional vibrations in generators. 

Short Circuits. The strength of the torsional effect in a given generator emanat¬ 
ing from a specific grid short circuit depends on a number of factors, such as electrical 
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Fig. 4.64 Typical life endurance of a shaft under periodic torsional strain. 


distance to the plant, voltage level of the affected system, speed of fault clearing, 
whether or not there is automatic reclosing, type of short circuit (one phase to ground, 
phase to phase, or three phase), and whether or not there are series and/or shunt capac¬ 
itors on that system. Auto reclosing has long been identified as having a major poten¬ 
tial magnifying effect on the oscillations of a generator. This is because the torsional 
damping (free decay of oscillations following the removal of the stimuli) is rather 
small in large turbo-generators. In fact, it is measured in seconds. Automatic reclosing 
is normally applied within half a second or so after the breakers open on a fault, thus, 
depending on when in the oscillation waveform the voltage is reapplied, the amplitude 
of these oscillations may be increased, with the potential of taking the generator out of 
step. For this reason, auto reclosing has been eliminated from some grids in a number 
of countries. Grid short circuits can induce very large power and frequency swings in 
generators. Although some units may ride through grid events without any damage, 
others, older or weaker, may not. Figure 4.65 shows the large voltage, frequency, and 
power swings from such an event. 

Negative-Sequence Occurrences. These normally arise during a short circuit 
or another grid imbalance. Large short circuits at the terminal of the generator (or on 
one of the transformers connected to the generator) will give rise to large negative-se¬ 
quence currents to a degree that may require removal of the rotor for inspection (this is 
discussed in other sections of this book). However, most negative-sequence events will 
be within the capability of the generators. Figure 4.66 shows a negative-sequence 
event due to a large generator remaining connected to the grid with only two poles of 
the main breaker closed. The data for the graph in the figure was taken in the switch¬ 
yard of a power plant many kilometers away. 

Figure 4.67 depicts a real case of a long-duration negative-sequence event of low 
magnitude (due to a generator in another plant motoring on two phases) that caused the 





Pacific Time 



Pacific Time 


Fig. 4.65 Large oscillations due to a grid event, as measured in the switchyard of a 
nuclear power plant. Switchyard voltage is 230 kV and the power swings indicated on 
the graph are actual power changes measured at the output of one of the station gen¬ 
erators. 
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Fig. 4.66 Negative-sequence event due to generator motoring on two phases. Al¬ 
though the negative-sequence currents were within the values given In the IEEE stan¬ 
dards, the generator developed rotor-shorted turns during the 13-minute-long event, 
due to a preexistent weakened field winding. 


development of shorted turns in the field of a generator. This event was repeated a few 
months later, with similar results, that is, development of additional shorted turns in 
the field winding. This rotor winding was weakened by a previous loss-of-lube-oil 
event. This example clearly shows that torsional vibrations do impose strains on tur¬ 
bines and generators. 

Negative-sequence events and their potential detrimental effects are discussed in 
other sections of this book. 

Subsynchronous Resonance (SSR). As noted above, the Mohave generators 
were the first to suffer severe damage due to this type of grid condition. SSR is the re¬ 
sult of electrical resonance in long transmission lines equipped with series capacitors. 
A lot of research was done after the problem was first identified, and now it is clearly 
understood. Solutions normally take the shape of power system stabilizers (PSS), de¬ 
vices installed together with the AVR. The function of the PSS is to counteract the 
SSR condition by acting upon the excitation of the generator. The PSS is set for a par¬ 
ticular grid configuration, and it is important to check if the setting remains correct 
once the grid conditions change over time, or due to temporary transmission-line re¬ 
alignment. A wrongly set PSS may create a situation worse than that without the de¬ 
vice in operation. 
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X (time) 

VIB23.3MT1 OHa MILS 1X COMP VIB23.3MTQHA MILS 1X COMP 

Fig. 4.67 Shorted-turns development in a 1300 MVA, four-pole unit, during a long, 
moderate negative-sequence event. 


Line Switching Operations Line switching that interrupts or engages large 
blocks of load have the ability to create temporary system swings that may induce tor¬ 
sional oscillations of significant magnitude in the machine. For the most part, line 
switching does not constitute torsional stimuli of great importance. However, line 
switching that results in changes in load of a generator of more than 50% is considered 
to have the potential of resulting in damage to the unit. 

Solid-State Loads The modem world, and its vastly growing number of elec¬ 
tronic devices, in particular, power electronics, results in more harmonic load being 
carried by electrical power systems. A grid with a significant harmonic content has the 
potential to induce torsional oscillations. Nevertheless, unless the power electronic de¬ 
vices (such as HVDC converting stations) are installed in the main transmission sys¬ 
tem in the electrical vicinity of the generator, it is not considered a probable cause of 
concern. 

Steel Mills Large steel mills in the proximity of generating units have been found 
in some cases to induce torsional vibration in generators. There are a number of solu¬ 
tions that have been developed. Each case needs to be addressed according to its own 
situation. 
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In addition to outside-the-station origins of torsional stimuli, there are a number of 
in-the-station events or condition, covered in the following subsections, that may result 
in generators having undesirable torsional oscillations. 

Faults on Equipment Connected to the Generator Transformers, lines, 
busses, potential transformers, current transformers, arresters all prone to failure, cre¬ 
ating large short-circuit currents that, due to their proximity to the generating units, can 
create large torsional transients. Any such fault should elicit intense scrutiny of the 
condition of the generator before the unit is returned to operation. 

Hunting between Two or More Units Under certain conditions, “hunting” 
(low-frequency interactive oscillation) between units in the same station or in the near 
vicinity can occur. Hunting is mainly a result of inadequate excitation control. Tech¬ 
niques for avoiding this type of oscillation are well known. Hunting is mainly “seen” 
as a swing of VARs between two or more units. Sometimes, some MW swing is also 
observed. The period of this oscillation is in the several seconds range and, thus, does 
not pose any type of torsional fatigue stress on the units participating in the hunting. 
However, it does present some problems to the electrical system and, therefore, is an 
undesirable phenomenon. Figure 4.68 shows a simple scheme that would eliminate 
hunting between two units at the same plant. 

Out-of-Phase Synchronization This is one of the most onerous events a unit 
can experience. Out-of-phase synchronization is a step load applied to the generator 
when the main breaker is closed. From the point of view of torsional vibration, it is like 
applying a “bump” stimulus to the generator. This is a wide-band stimulus that will 
elicit response in a number of resonance frequencies. Some may reach damaging am¬ 
plitude if the step load is large enough. Induced, electromagnetic and mechanical tran¬ 
sients can last up one second or so. A severe out of phase synchronization incident can 
render a unit inoperable for a long time. Thus, proper protection against this type of oc¬ 
currence is essential. This topic is covered in Chapter 6. 

Out-of-Step Event Also called “slipping poles,” this is another very serious 
event that will cause oscillations among the unit’s components. Protection against this 
type of operating condition is also covered in Chapter 6. 

Load Rejection When a large amount of load is lost (for instance, if the plant be¬ 
comes an island due to some grid event), a negative-load step is applied to the genera¬ 
tor. This event will also induce torsional oscillations but, for the most part, these 
events can be handled successfully by the generators. 

4.7.6 Monitoring of Torsionai Vibration Events 

Figure 4.69 presents view of typical grid conditions over a period of about two years. 
From inspection of the figure, the reader can see that “abnormal” events containing sig¬ 
nificant swings in power {dpidt) and frequency (df/dt) are quite common. Each one of 
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Fig. 4.68 Antihunting excitation-control scheme. 
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Fig. 4.69 System abnormal events as noted in the 230 kV switchyard of a large pow¬ 
er plant. 


these events introduces torsional vibrations in the generators that are connected to the 
grid where those disturbances occur; however, for the great majority of cases, they 
“ride” them without any lasting effect. There is a debate going on in some quarters about 
the effect that deregulation has on the power quality of the grid, that is, is it getting worse 
or not? This is certainly a subject beyond the scope of this book, but certainly of serious 
consequence for the long-term reliability of generators connected to these grids. 

Actual monitoring of torsional vibration in generators is mostly carried out on those 
units (in particular turbines) that for one reason or another are considered susceptible 
to damage due to this phenomenon. Torsional vibrations are measured by a number of 
methods, one of these using strain gauges strategically placed along the shaft. For ma¬ 
chines monitored in such a way, sophisticated torsional models are almost always pre¬ 
pared by the vendor and/or consultants. With these models, and the monitored read¬ 
ings, loss-of-life calculations can be made for various areas along the unit. 


4.7.7 Industry Experience and Alleviation Techniques 

As stated above, one can find significant literature on the subject of vibration, although 
not too much awareness at the plant level, unless specific problems related to torsional 
vibration have been experienced. There is an important aspect that has not received 
enough attention: do commonly experienced grid disturbances affect in a negative way 
the long-term reliability of the unit? For instance, do torsional vibrations that are not of 
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a magnitude large enough to damage the unit’s components during a single event re¬ 
duce shaft life due to accumulated torsional fatigue? Is the loss of life significant 
enough that it may reduce the expected life of the unit (including extension well be¬ 
yond the 30 years or so that these units are expected to serve after purchase)? Some 
plants in which conditions exist for significant torsional oscillations have on-line mon¬ 
itoring devices and models of the power train that allow calculating loss of life due to 
high-cycle or low-cycle metal fatigue, but most do not. Lately, EPRI researched this 
issue, and a number of technical reports were published (see references at the end of 
this chapter). Interested readers can explore the subject further by looking at the refer¬ 
ences and talking to people in other plants and leading consultants. 


4.8 EXCITATION AND VOLTAGE REGULATION 
4.8.1 The Exciter 

The exciter supplies direct current to the field winding of the generator, at whatever 
voltage is required to overcome the resistance of the winding. The rating of the exciter 
is specified as its output power, current, and voltage corresponding to the rating of the 
generator, taking into account the temperature limits of the generator’s field winding. 
The exciter rating generally has some margin over this requirement, as defined when 
the generator is designed. 

The most common type of exciter used in early years was the commutator-type dc 
generator. This is very rarely used for new generators today. Any of the following sys¬ 
tems usually supply the newer turbine generators: 

• A shaft-driven alternator with solid-state diode rectifiers 

• A solid-state, thyristor-based rectifier supplied by a transformer, deriving its 
power from the power system or from the generator’s output 

• A shaft-driven alternator with its output winding on the rotor, its output rectified 
by rotating solid-state rectifiers (commonly called a “brushless exciter”) 

The normal function of the exciter is to provide the proper level of direct current to 
the generator field winding, as required for the apparent power being supplied to the 
system, the terminal voltage, and the power factor of the generator load. In addition, 
the exciter must also be able to produce a ceiling voltage (which is the maximum ex¬ 
citer voltage) and to operate at that condition for a specified brief period, as required 
by the voltage response ratio, which is specified in excitation system’s specification. 
The voltage response ratio is a measure of the change of exciter output voltage in 0.5 s 
when a change in this voltage is suddenly demanded. 

When the exciter is a rotating machine driven by the generator shaft, it becomes 
part of the turbo-generator shaft system. It must be designed to accommodate axial 
motions due to thermal expansion of the turbine and generator rotors, and vertical mo¬ 
tions of the generator shaft due to bearing-oil film and thermal expansion of the gener¬ 
ator bearing support. 



238 


OPERATION AND CONTROL 


4.8.2 Excitation Controi 

Steady State. With the turbine’s governor fixed and, therefore, the active pow¬ 
er output of the generator fixed, and with the configuration of the power system 
fixed, an increase in exciter output, that is, in generator field current, causes the sta¬ 
tor voltage to try to rise. This changes the power factor and causes the reactive pow¬ 
er delivered by the generator to increase. While the turbine governor responds to pro¬ 
vide the power needed by the system, the exciter enables the generator to provide the 
needed reactive power and, thus, to help provide the needed voltage support in the 
system. 

The control system includes a voltage regulator that causes the generator’s field 
current to be at whatever level is required to maintain the stator terminal voltage at a 
selected value. The control system also can be instructed to hold the generator field 
current at a desired value when voltage regulator is not needed. This is done by “man¬ 
ual control.” 

A lower limit is provided so that the field current is not reduced to the point where 
stator core-end heating becomes excessive (underexcited condition) or stability mar¬ 
gins are compromised. An upper limit is provided so that the capability of the exciter 
and that of the generator field winding are not exceeded. 

Volts-per-hertz protection is commonly provided to prevent the level of the mag¬ 
netic flux in the generator and in the unit step-up transformer from exceeding safe lev¬ 
els. A volts-per-hertz control is occasionally specified to adjust generator excitation so 
as to avoid overfluxing. 

Transient. The ability of the excitation system to change the generator field 
voltage rapidly may be important to system stability. Stability may be difficult to 
achieve when the system supplied has relatively high reactance; for example, when a 
long transmission line separates a generator from its load. In such a situation, pro¬ 
viding an excitation system with a high voltage response ratio may help in the sys¬ 
tem’s design. It can help reduce major expenses in additional transmission-line con¬ 
struction. 

A relatively new concept made possible in part by the use of thyristor power rec¬ 
tifiers is the high-initial-response excitation system. In such a system, the output 
voltage of the exciter changes almost instantly on command, enhancing system sta¬ 
bility. 

Another concept in excitation control function is the power system stabilizer (PSS). 
It operates to enhance stability in situations where one power system may swing at low 
frequency relative to another (i.e., subsynchronous resonance conditions). 


4.9 PERFORMANCE CURVES 
4.9.1 Loss Curves 

Figure 4.70 shows the typical calculated loss curves for a 215 MW, hydrogen-cooled, 
3600 rpm generator. 
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Fig. 4.70 Calculated loss curves for a 215 MW, 18 kV, 0.85 PF, 3600 rpm, hydrogen- 
cooled generator. Bearing and seal losses are excluded from the graph and are given 
as 286 kW. 

4.9.2 Efficiency Curves 

Figure 4.71 shows typical calculated efficiency curves for a 215 MW, hydrogen- 
cooled, 3600 rpm generator. 

4.10 SAMPLE OF GENERATOR OPERATING INSTRUCTIONS 

Like for any other critical apparatus, generating stations develop operating instruc¬ 
tions for their generators. Operating instructions must be tailored to the specific condi¬ 
tions of a given plant, equipment, and system requirements, but they ought to capture 
the best industry practices, as developed over many years of experience. 
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GENERATOR OUTPUT [MW] 

Fig. 4.71 Calculated efficiency curves for a 215 MW, 18 kV, 0.85 PF, 3600 rpm, hy¬ 
drogen-cooled generator. Bearing and seal losses excluded from the graph, and are 
given as 286 kW. 


Following is an example of a company’s operating instructions. The reader should 
only look at these as an example of how such operating instructions can be outlined. He 
or she must remember that each case may be different; therefore, each operator must de¬ 
velop operating instructions that are specifically tailored to his/her plant and equipment. 

MAIN GENERATOR OPERATING INSTRUCTIONS 


I. Purpose 

The purpose of this order is to establish guidelines for the operation of main generators 
and the associated equipment during normal and emergency conditions. 
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II. General 

To ensure the continuing operational integrity of generators, generator temperatures, 
vibration and the various generator support systems must be closely monitored. Any 
abnormalities must be reported and investigated in a timely manner. 

III. Start-up Operation 

At no time should excitation interlocks or relay protection be disabled or made nonau¬ 
tomatic for the purpose of establishing a generator field. Also, a generator field should 
not be reestablished after operation of a generator protective relay until a thorough in¬ 
vestigation has been completed. 

On generators requiring field prewarming, the manufacturer’s instructions and es¬ 
tablished local procedures should be followed relative to maximum allowable field 
current. 

A generator field should not be applied or maintained at turbine speeds above or be¬ 
low that recommended by manufacturer’s instructions. On cross-compound units for 
which a field is applied while on the turning gear, extreme caution must be exercised. 
Should either or both shafts come to a stop, the field should immediately be removed 
to prevent overheating damage to the collector rings. 

After the field breaker is closed, the generator field indications should be closely 
monitored. If a rapid abnormal increase occurs in field current and/or terminal voltage, 
immediately open the field breaker and inspect the related equipment for proper work¬ 
ing conditions before reclosing the breaker. 

During off-line conditions, at no time is field current to be greater than 105% of that 
normally required to obtain rated generator terminal voltage at rated speed and no load. 

When synchronizing the generator to the system, the synchroscope should be rotat¬ 
ing less than one revolution every 30 seconds and should be 5 degrees or less from be¬ 
ing in-phase when the switchyard circuit breaker is closed. Synchro-acceptors will typ¬ 
ically not allow closing of the switchyard circuit breakers when the synchroscope is 
rotating faster than one revolution every 15 seconds. It is also critical that incoming 
and running voltages be matched as closely as possible when synchronizing the gener¬ 
ator to the system; the allowable variation is plus or minus 10%. 

IV. Shutdown Operation 

The unit should be removed from the line via the turbine emergency trip push button. 
Closure of the turbine steam valves will initiate antimotoring relay operation and open¬ 
ing of the generator circuit breakers, field breakers, and auxiliary generator or trans¬ 
former breakers. 

If the limit-switch circuitry fails to function properly, the unit may fail to clear itself 
electrically after closure of the steam valves. A generator will then drive the turbine in 
a motoring mode of operation. This condition will overheat the LP turbine blades (typ¬ 
ical withstand time of 10 minutes) unless operator action is taken as follows to isolate 
the unit electrically: 



242 


OPERATION AND CONTROL 


A. Verify that steam valves are closed (to prevent turbine overspeed when generator 
switchyard circuit breakers are opened). 

B. If unit auxiliaries are not on the reserve transformer, open the auxiliary generator 
or transformer circuit breakers (automatic transfer to reserve auxiliary transformer 
should occur). 

C. Switch voltage regulators to manual operation and reduce field to no load. 

D. Open generator switchyard circuit breakers. 

E. Open generator field breakers. 

The generator field should not be reestablished for the turbine coast-down until ver¬ 
ification that the automatic voltage regulator is tripped and the field rheostat is at the 
no-load position. The exciter field breaker should be tripped open at a preset generator 
speed per the manufacturer’s instructions. 

During off-line conditions, at no time is field current to be greater than 105% of that 
normally required to obtain rated generator terminal voltage at rated speed and no load. 

V. System Separation 

If during system trouble the unit is separated from the system, close attention to the 
field current/generator terminal voltage must be maintained, particularly when rated 
speed is not being continuously maintained. Reductions in speed can result in overex¬ 
citation (volts/Hz) as the voltage regulator attempts to maintain rated voltage. 

VI. On-line Operation 

Generators should be operated within their capability curves, which limit loading and 
field current (as related to VAR output) at various levels of hydrogen pressure. Opera¬ 
tion beyond these limits will result in generator overheating. 

During normal operation, the voltage regulator and, where applicable, power sys¬ 
tem stabilizer (PSS) should continuously be in service. To prevent a significant weak¬ 
ening of the generator field in the event that the voltage regulator is lost, the field rheo¬ 
stat should be set at approximately 80% of generator field nameplate value (“nominal 
full load”). 

If conditions require the unit be on manual voltage control, the unit will be operated 
off AGC and on the turbine solid block or load limit. Unless directed otherwise by the 
ECC, the terminal voltage should always be maintained high enough to boost VARs, 
especially if the voltage regulator is out of service. 

Loss-of-excitation protective relays are designed to separate a unit from the system 
in the event the generator field is lost. This serves to protect the generator from over¬ 
heating. If the field is lost and the unit is not automatically tripped by relay protection, 
immediately trip the unit manually. 

Normal “180 Hz third harmonic” residual voltage should be indicated on the gener¬ 
ator stator ground voltmeter. The amount of this residual voltage will vary with load 
and should be read by pushing the 10% push button. The absence of residual voltage 
indicates the one of the following may exist: 
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A. The generator neutral potential circuit is not complete. 

B. There is a ground near the neutral end of the generator stator windings. 

To ensure that this condition is detected as soon as possible, periodic monitoring of 
the residual voltage by operators at consistent intervals must be accomplished. Any ab¬ 
normalities should be reported and investigated promptly. 

VII. Field Grounds 

An internal generator field ground could be caused by high-temperature electrical arc¬ 
ing, insulation damage, or shorted turns and other severe damage in the generator field. 
Upon detection of a field ground, field temperature and generator bearing vibration 
levels must be closely monitored for changes. If a 25% change in the field temperature 
is observed (increase or decrease), or if there is a notable increase in generator bearing 
vibration levels, the unit should be removed from service immediately. 

Each station should have detailed and up-to-date operating instructions that address 
locating and isolating field grounds for each individual unit type. Timely and thorough 
investigation should be performed to identify and isolate the source of the field 
ground. Considering the numerous peripheral components associated with the excita¬ 
tion system, it is very possible that the ground is outside the generator and can be cor¬ 
rected without removing the unit from service. The following should be accomplished: 

A. Operators transfer from automatic to manual voltage control. 

B. Operators pull fuses to isolate noncritical generator-field-related circuits. 

C. Test technicians verify proper operation of the generator field ground relay. 

D. Electricians inspect brush rigging and all associated apparatus. 

E Test technicians lift wires as possible, to further isolate generator field related dc 
circuits. 

If the ground cannot be isolated, the unit should be removed from service for further 
investigation. 

VIII. Power System Stabilizers (PSS) 

This equipment is designed for aiding system stability by introducing a supplementary 
control signal into a continuous-acting voltage regulator. This has the effect of im¬ 
proved damping of power system swings. The power system stabilizer signal is a re¬ 
flection of system speed deviation, as detected by a turbine shaft-driven tachometer or 
a frequency transducer at the generator voltage regulator potential transformer’s (POT) 
secondaries. 

To comply with system requirements and improve electrical system stability, the 
power system stabilizers should be maintained in service as much as possible. Some 
machines have overly sensitive power system stabilizers (PSS output is more active 
than desired) below approximately 25% load. On these units, the PSS should be placed 
in service at approximately 25% load and removed from service below 25% load. 
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IX. Voltage Regulators 

Voltage regulator instability is evident when the regulator output meter and the unit 
varmeter swing between buck and boost. The swings may increase in magnitude. If 
this occurs, the voltage regulator must be removed from service. Disturbances else¬ 
where in the system are typically indicated by large initial voltage regulator output and 
unit varmeter swings, which then dampen out within a few seconds. 

When transferring between manual voltage control and voltage regulator control, 
first verify that the voltage regulator output is at zero “differential” or “nulled.” Im¬ 
properly removing the voltage regulator from service (i.e., field rheostat improperly 
set) could result in reduction of the generator field, bucking VARs, and a trip of the 
unit from loss of excitation relays. 

When mobile spare exciters are in use for unit excitation, they are not equipped 
with voltage regulators. Generator voltage control is strictly manual by use of the mo¬ 
bile exciter field rheostat or voltage adjuster. 

If the exciter field should become demagnetized or reversed on amplidyne-type 
voltage regulators, the amplidyne may be used to restore magnetism with correct po¬ 
larity. The amplidyne should first be checked for proper polarity by tuning the ampli¬ 
dyne control switch to the test position and operating the voltage adjuster to obtain an 
amplidyne voltage of at least 100 volts boost. With the field breaker closed and the ex¬ 
citer at running speed, the amplidyne control switch should then be turned to the “on” 
position until the exciter voltmeter begins to read upscale, indicating that magnetism 
with the correct polarity has been restored. Nonamplidyne equipped stations should 
have detailed operating instructions on how to restore loss of exciter magnetism for 
their particular excitation systems. 

X. Moisture Intrusion 

Even small amounts of moisture inside generators can result in reduced dielectric ca¬ 
pability, stress corrosion pitting of retaining rings, or lead carbonate production and 
plating of the machine surfaces. The following recommendation should be adhered to, 
to maintain the generators in a dry condition: 

A. The backup seal-oil supply from the bearing-oil system is to be used only in emer¬ 
gency situations. 

B. Hydrogen dryers must be maintained and serviced. 

C. Desiccant is to be monitored and replaced or regenerated as needed. 

D. Hydrogen cooler and inner-cooled-coil leaks are to be reported and repaired in a 
timely manner. 

E. Moisture detectors should be routinely checked for proper calibration/operation. 

Generators equipped with nonmagnetic 18 Mn-5 Cr retaining-rings should be oper¬ 
ated as dry as possible to reduce the possibility of stress corrosion pitting damage to 
the rings. Those units should be taken offline at the first indications of moisture intru- 
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sion (dew point higher than 0°C) and any required repairs completed before returning 
the unit to service. 

XI. Recommended Routines 

To maintain the operating integrity of main generators, the following should be per¬ 
formed during routine inspection rounds: 

A. Check hydrogen purity levels normal and adjust as needed. 

B. Check that seal-oil system is operating properly and maintaining proper differen¬ 
tial pressure. 

C. Check that hydrogen dryers are in service and check desiccant and regenerate as 
needed. 

D. Check liquid level detectors for accumulations of water or oil. Report and monitor 
any abnormalities. 

E. Check stator, field, and gas-path temperatures. Report and monitor any abnormali¬ 
ties. 

F. Check generator residual ground voltage. Report and monitor any abnormalities. 

G. Check collector ring areas for broken or arcing brushes. 

XII. Protective Relaying 

Generator Differential Protection. Generator differential relays compare the sec¬ 
ondary currents from current transformers (CTs) installed on the neutral end of the 
generator windings to current transformers installed on the output side of the generator 
or the output side of the generator circuit breaker. If an internal phase-to-phase or 
three-phase fault occurs between the neutral and output CTs, the current flows will not 
balance and the differential relay will instantaneously actuate to trip the unit offline. 
The unit should not be reenergized following a generator differential trip until the 
cause of the relay operation can be determined and resolved by engineers or techni¬ 
cians. 

Generator Stator Ground. Generator stator ground schemes protect the generator, 
isolated-phase buses, generator bus circuit breaker (if included), arrestors and surge 
capacitors (if included), and the primary windings of potential, auxiliary, and main 
step-up transformers from breakdowns in the insulation system to ground. Typically, 
the stator ground relays are set to operate in 1.0 second for a 100% ground-fault condi¬ 
tion. Typically, the relay senses voltage on the secondary side of the generator stator¬ 
grounding transformer, which is connected between the generator neutral and the sta¬ 
tion ground grid. Under normal operation, the relay will see a few volts of the third 
harmonic (180 Hz for 60 Hz machines) due to the nonsymmetry of the stator core iron 
and zero volts at normal system frequencies (50 or 60 Hz). The stator ground relays are 
usually desensitized at 180 Hz and are normally set to operate for a 5% ground at sys¬ 
tem frequencies. 



246 


OPERATION AND CONTROL 


The unit should not be reenergized following a generator stator ground trip until 
the cause of the relay operation can be determined and resolved by station engineers 
or technicians. 

Generator Bus Ground Detectors. Units equipped with generator circuit breakers re¬ 
quire a second ground detector scheme to protect the generator circuit breaker, 
isophase buses on the transformer side of the circuit breaker, and the primary windings 
of potential, auxiliary, and main step-up transformers from ground-fault conditions 
when the generator circuit breaker is open. This scheme normally uses a wye/broken- 
delta connection with a voltage relay installed on the secondary side to sense ground 
conditions. Under normal conditions when the unit is running, this scheme will detect 
a few volts of the third harmonic and zero volts at running frequency. However, the 
scheme can become unstable under certain conditions (neutral instability or three- 
phase ferro-resonance) causing a blown fuse(s) in the ground-detecting transformers. 
A blown fuse may cause the ground detector relay to actuate. Also, coordination be¬ 
tween the stator and bus ground detector schemes is difficult and, depending on the de¬ 
sign, the station may not be able to quickly ascertain which side of the generator circuit 
breaker has the ground condition. 

Preferred designs alarm only for bus ground-detector schemes or alarm when the 
generator circuit breaker is closed, and trip with a short time delay when the genera¬ 
tor circuit breaker is open. This prevents the unit from tripping for blown fuse con¬ 
ditions and allows operators to quickly determine which side of the generator circuit 
breaker has the ground condition. With these designs, the generator stator ground re¬ 
lay will trip the unit for a ground on either side of the generator circuit breaker when 
the unit is online. If the ground is on the generator side of the circuitbreaker, the 
ground will clear after tripping. If not, the bus ground detector will sound an alarm 
or trip the unit main step-up transformer after generator tripping. For the alarm-only 
schemes, the bus section should be immediately deenergized by the operators through 
the appropriate switching to mitigate the possibility of the low-level ground fault cur¬ 
rent developing into a damaging high-current phase-to-phase or three-phase short cir¬ 
cuit. 

The unit and/or the transformer should not be reenergized following a generator 
bus ground trip until the cause of the relay operation can be determined and resolved 
by engineers or technicians. 

Loss of Excitation. Synchronous generators are not designed to be operated without 
dc excitation. Unlike induction machines, the rotating fields are not capable of contin¬ 
uously handling the circulating currents that can flow in the rotor forging, wedges, 
amortisseur windings, and retaining rings during underexcited or loss-of-field opera¬ 
tion. Consequently, loss-of-excitation relays are normally included in the generator 
protection package to protect the rotor from damage during underexcited operation. 
Impedance-type relays are usually applied to automatically trip the unit with a short 
time delay whenever the var flow into the machine is excessive. Limits in the automat¬ 
ic voltage regulator should be set to prevent loss-of-excitation relaying whenever the 
voltage regulator is in the automatic mode of operation. 
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The machine should not be resynchronized to the system following a loss-of-excita- 
tion trip until an investigation has been completed to determine the cause of the relay 
operation. Given the complexity of modem excitation systems, unexplained events are 
not that uncommon. Engineers or technicians should inspect the physical excitation 
system, verify calibration of the loss-of-excitation relays, check the dc resistance of the 
field windings, and review any available data acquisition monitoring that would verify 
the operating condition. The unit can then be started for test and proper operation of 
the excitation system can be ascertained by operations before synchronizing the unit to 
the system. 

Overexcitation. Overexcitation (volts/Hz) relays are applied to protect the generator 
from excessive field current and overfluxing of the generator stator core iron. Typical¬ 
ly, generators are designed to handle a full load field with no load on the machine for 
12 seconds before the stator iron laminations become overheated and damaged. The 
relays are often set to trip the unit in 45 seconds at 110% volts/Hz and 2.0 seconds at 
118% volts/Hz. The term volts/Hz is used to cover operation below normal system fre¬ 
quencies (50 or 60 Hz) at which generators and transformer can no longer withstand 
rated voltages. At normal system frequencies, the relays will operate in 45 seconds at 
110% voltage and in 2.0 seconds at 118% voltage. Generators are continuously rated 
for operation at 105% voltage and transformers for continuous operation at 110% volt¬ 
age. Consequently, the generators are the weak link, and safe operation for generators 
will, in most cases, automatically protect unit transformers that are connected to gener¬ 
ator buses. 

The unit should not be resynchronized to the system following a volts/Hz trip until 
an investigation has been completed to determine the cause of the relay operation. 
However, given the complexity of modem excitation systems, unexplained events are 
not that uncommon. Engineers or technicians should inspect the physical excitation 
system, verify calibration of the volts/Hz relays, and review any available data acquisi¬ 
tion monitoring that would verify the operating condition. The unit can then be started 
for test and proper operation of the excitation system can be ascertained by operations 
before synchronizing the unit to the system. 

Reverse Power. Reverse power or antimotoring relays are often applied for both con¬ 
trol purposes and for protective relaying. In the control mode, they are typically used 
to automatically remove units from service during planned shutdowns and to ensure 
that prime movers have no output before isolating units electrically to prevent over¬ 
speed conditions. In the protection mode, they are used to protect turbine blades from 
windage overheating and sometimes to protect combustion turbine units from flameout 
conditions. The reverse power or antimotoring protective relays should have enough 
time delay before tripping to allow for synchronizing excursions (typically around 6 
seconds). Motoring is not damaging to generators as long as proper excitation is main¬ 
tained. In steam turbines, the LP turbine blades will overheat from windage. Typically, 
steam turbine blades can withstand motoring conditions for 10 minutes before damage. 

Following a reverse power or antimotoring protection trip, the operators should de¬ 
termine if the trip was caused by control instability by reviewing the recorder or DCS 
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trending of unit megawatt output. If control instability is evident, engineers or techni¬ 
cians should investigate and resolve the problem before resynchronizing the unit. If 
control instability is not evident, engineers/technicians should check the calibration of 
the protective relays before returning the unit to service. 

Negative-Sequence Protection. Unbalanced phase current flow in generator stators 
causes double-frequency reverse rotation currents to circulate in the rotor body that 
can damage the rotor forging, wedges, amortisseur windings, and retaining rings. 
Cylindrical rotor generators designed according to ANSI standards are capable of con¬ 
tinuously carrying 10% negative phase sequence current. This roughly corresponds to 
an operating condition in which two phases are carrying rated current and the third 
phase has 70% of rated current. Depending on the design of the rotor (indirectly or di¬ 
rectly cooled) generators with two phases at rated current and no current in the third 
phase can carry this imbalance for 90 to 270 seconds before damage occurs to the rotor 
components. Accordingly negative-phase sequence relays are necessary to protect gen¬ 
erator rotors from damage during all possible operating conditions, including phase-to- 
phase and phase-to-ground faults on the transmission system. 

Some negative-sequence overcurrent relays provide an alarm function with a pick¬ 
up value set somewhere below the trip point. This alerts the unit operator to a negative- 
sequence condition prior to a trip. If the negative-sequence alarm is initiated, the oper¬ 
ator should take the following action: 

1. Notify the transmission dispatcher of the negative-sequence condition and find 
out if there are any electrical problems on the transmission system. When a neg¬ 
ative-phase sequence alarm is activated, operators should also check the phase 
currents for balance. In addition to off-site causes for imbalance, open conduc¬ 
tors, disconnect, or breaker poles at the site can cause the imbalance condition. 
If no abnormalities exist, notify the dispatcher that load will be reduced on the 
generator until the alarm clears. 

2. The generation should be taken off AGC, and load should be reduced until the 
alarm clears. 

3. Engineers or technicians should verify calibration of the negative-phase se¬ 
quence relay and review any data-acquisition-monitoring devices (protective re¬ 
lay digital storage or DCS trends) to verify that the unit operated with a signifi¬ 
cant current imbalance. 

4. If the alarm is coincident with any electrical switching in the switchyard or with¬ 
in the plant, the device should be opened, and if the alarm clears, the apparatus 
in question should be investigated for proper operation. 

Following a negative-phase sequence trip, the unit should not be returned to service 
until an investigation is completed. Engineers or technicians should prove the calibra¬ 
tion of the negative-phase sequence relay, and review any data-acquisition-monitoring 
devices (protective relay digital storage or DCS trends) to verify that the unit operated 
with a significant current imbalance. It may have been caused by an electrical system 
fault that did not clear promptly because of faulty circuit breakers or protective relays. 
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Under/Overfrequency Protection. Almost always, the under/over (0/U) frequency 
protection of the unit is there to protect the turbine before it protects the generator the 
turbine tends to be more sensitive to off-frequency operation that the generator. 
Therefore the U/0 frequency protective devices are in general set to protect the tur¬ 
bine. 

Operators should be aware of the frequency limitation for their particular turbines, 
and not operate them outside of the manufacturer’s recommended limits under any cir¬ 
cumstances. 

In the event of a unit trip by the operation of a U/0 frequency relay, the unit should 
not be returned to service until the system frequency stabilizes within acceptable limits 
and the protection is found to be properly calibrated. 

XIII. Routine Operator Inspeetions 

To maintain the operating integrity of generators, the following checks should be rou¬ 
tinely performed by operations when making their daily inspection rounds: 

• Check hydrogen purity levels (where applicable) and adjust gas flow to the puri¬ 
ty monitor as required. 

• Check that the seal-oil system is operating properly. Verify that the proper pres¬ 
sure differential between the seal-oil and hydrogen gas systems is maintained 
(where applicable). 

• Check that the hydrogen dryers are in service (where applicable), operating 
properly, and the desiccant is in good condition. 

• Check the liquid detectors for accumulation of water or oil. 

• Verify proper water flow to hydrogen or stator coolers (where applicable). 

• On generators equipped with water-cooled stator coils, verify proper flow, con¬ 
ductivity, and differential pressure between the water and the hydrogen gas sys¬ 
tems. 

• Check the stator, gas, and field temperatures. 

• Check the bearing vibration levels. 

• Check the generator stator ground scheme for proper residual or third harmonic 
voltages. 

• Check the brush rigging (where applicable) for broken, vibrating, and arcing 
brushes. 

• When the rotor is stopped or on the turning gear, the brush rigging area should be 
checked periodically for hydrogen leakage (where applicable). Hydrogen gas 
can leak through the bore conductors and accumulate in the brush rigging areas 
when the unit is offline. 

• Check the shaft grounding brush(es) or braid(s) to verify physical integrity. In 
those units where the grounding brushes/braids are not visually accessible, refer 
to the maintenance guideline (EMG-1) for periodic maintenance. 

• Verify that the field-winding ground-fault detection system is operational. 
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• Anomalies found during the routine inspections should be monitored and work 
orders prepared to resolve problems noted. 
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MONITORING AND 
DIAGNOSTIOS 


Generator operation should be kept within design limits for optimum performance and 
to maintain reliability and longevity of the equipment. Monitoring of the online perfor¬ 
mance of the generator is done by using installed sensors and instrumentation; there¬ 
fore, good sensor information is critical in making a correct diagnosis. 

Good sensor information includes ensuring that the right sensors are installed in the 
right places, and that they are in good working order. In addition, the information from 
the individual sensors is often used in conjunction with other monitoring information, 
to make a more detailed and useful diagnosis. For instance, if all stator winding tem¬ 
peratures are hotter than normal and the stator current is above maximum allowable, 
then one would conclude that there is an overload situation that may be correctable by 
nothing more than reducing load. However, if the same sensors are in alarm when the 
machine is perhaps only at three-quarters load, then one would conclude that some 
other problem is present, such as low cooling water flow or plugging. At this point, it 
is the additional sensor information that one would look at in trying to diagnose the 
problem. But the initial diagnosis was actually done by a combination of information 
from two sensors: the stator winding temperatures and the stator current. 

It is easy to see how monitoring can help avoid major failures before they happen, 
by early warning of problems. It is also easy to see that the more extensive the moni¬ 
toring is, the more that can be determined during operation. This allows more flexibili¬ 
ty in operation by knowing more about the performance of the machine. It may even 
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be possible to extend generator life by adjusting the operation to avoid known operat¬ 
ing regimes or ranges that cause some generator parameters to exceed their limits. 

It is important that, for whatever sensors are installed in any particular generator, 
the most efficient use is made of the information from each sensor. There are numer¬ 
ous types generator-monitoring systems and/or approaches to generator monitoring, 
but they are not always equal in their effectiveness. Some machines are minimally 
equipped with installed sensors, whereas others have as much installed instrumenta¬ 
tion as possible, including specialized monitoring devices. Generally, the highly 
equipped machines are large nuclear units for which outage time is extremely costly. 

This chapter covers some of the different approaches to generator monitoring and 
the level of monitoring that can be accommodated. Included is a description of the var¬ 
ious monitoring devices presently available, along with how they are generally used to 
determine abnormal operation, and how they could be further used in various types of 
monitoring systems. 


5.1 GENERATOR MONITORING PHILOSOPHIES 

Generator online monitoring and diagnostics covers a wide range of approaches, from 
minimal monitoring with few sensors and simple alarms up to elaborate expert systems 
with extensive diagnostic capability. 

The level of system sophistication for the most basic monitoring allows the operator 
simply to keep track of generator operation by periodically checking various operating 
parameters on the gauges and indicators provided. Some sensors that are connected to 
an alarm system can also give warning when a static high limit is reached. 

As hardware and software capability in data loggers and computers has progressed, 
the ability to provide better monitoring has increased dramatically in recent years. 
Computers can now handle many more sensors at one time and scan them for informa¬ 
tion far more frequently. This is because of faster CPUs, increased memory capability, 
and more sophisticated data acquisition hardware. 

In addition to the hardware, software capability and flexibility has also grown expo¬ 
nentially. Software improvements have provided the industry with the ability to take 
simple sensor inputs and produce much more detailed information about machine per¬ 
formance from them. We can now combine sensor inputs to provide “intelligent” indi¬ 
cations of problems that would otherwise not be foreseeable. This is done by computer 
modeling that predicts how various generator components will react during load 
changes and operating events. The use of such techniques allows closer tracking of 
sensors and the ability to diagnose problems at a much earlier stage in their progres¬ 
sion. 

The information gathered from sensor readings by the monitoring systems can now 
more readily be stored as an archived history of the performance of a machine. This 
can be used for long-term trending and maintenance management of the equipment. 

In addition, the use of graphical user interfaces has allowed more meaningful pre¬ 
sentation of the data collected, so that operators can interpret the information faster 
and more accurately. Readings are presented in both numeric and graphical form. 



5.2 SIMPLE MONITORING WITH STATIC HIGH-LEVEL ALARM LIMITS 


253 


Short-term trends are used to compare various operating parameters as operators at¬ 
tempt to diagnose problems based on such things as temperature rise with increase in 
load. 

Because of the significant advances in computers, generator monitoring has become 
very sophisticated. Along with this sophistication comes a high price tag to install 
complex so-called expert systems. In some cases, high-level sophistication is not nec¬ 
essary. A utility must assess its needs based on the equipment under consideration. A 
large 1200 MVA nuclear unit may warrant the installation of an expert system, where¬ 
as a 100 MVA air-cooled machine may only need a more basic level of monitoring to 
suit the particular needs and philosophy of the user. 

When deciding on the correct approach for generator monitoring of any machine, it 
is always a good idea to first understand what the needs are. Then, one must under¬ 
stand the monitoring options that may be employed and know the cost to provide them. 
The next few sections of this chapter provide descriptions of some of these types of 
monitoring approaches that may be used on large generators in operation today. 


5.2 SIMPLE MONITORING WITH STATIC HIGH-LEVEL 
ALARM LIMITS 

Simple monitoring implies that the generator itself has very few sensors installed, and 
that only the most necessary and basic operating parameters are selected for permanent 
monitoring. Alarms are generally set at static high limits. 

Generally, all generators have their main electrical parameters connected to a unit 
computer so that the operators are aware of the load point of the machine and where 
they are operating in relation to the limits of the generator (e.g., DCS, SCADA). The 
main electrical parameters include megawatts, reactive power, stator phase currents, 
terminal voltage, frequency, field current, and field voltage. All of these have operat¬ 
ing limits that, if exceeded, can cause damage to one or more of the generator compo¬ 
nents. 

In addition to the electrical parameters, there are operating values that must be mon¬ 
itored to ensure that the generator operating limits are followed. Some of the more crit¬ 
ical parameters include shaft speed, hydrogen gas pressure and temperature, lube- and 
seal-oil temperatures and pressures, stator cooling water temperature, pressure and 
conductivity, bearing vibration, and raw service water temperature. These critical para¬ 
meters tell the operator something about the condition of the generator or its compo¬ 
nents. In addition, all have specific operating limits that, when they are exceeded, have 
certain consequences. 

Not all parameters have the same level of priority. For example, exceeding shaft 
speed limits by 10% while operating at steady load will have far greater consequences 
in terms of machine damage than exceeding a component temperature or bearing vi¬ 
bration limit by the same percentage. 

In addition not all parameters have to be monitored to guarantee proper operation of 
the generator. For example, all of the stator cooling water outlet temperatures being 
normal during the on-load condition tells an operator that there must be water flow in 
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the system. Therefore, it is not absolutely necessary to monitor the stator cooling water 
flow itself. Monitoring the stator cooling water outlet temperature is sufficient to safe¬ 
ly operate the generator and detect when problems are occurring. 

There is also a wide range in the number of sensors installed by the various manu¬ 
facturers in their generators over the years. There are some machines with no core or 
stator winding thermocouples (TCs) or resistance temperature detectors (RTDs) in¬ 
stalled, and some that have as many as two dozen core TCs and an RTD in every stator 
winding slot and on every stator winding outlet hose. The variation is extensive and is 
generally dependent on the manufacturer, but the operator may request additional 
monitoring sensors to be installed during manufacture if they are willing to pay more 
to get them. Most manufacturers will oblige. 


5.3 DYNAMIC MONITORING WITH LOAD-VARYING 
ALARM LIMITS 

Regardless of what type and number of sensors are installed and connected to the mon¬ 
itoring system, it is always a good idea to get the most out of what is monitored. A 
more effective way to get the best use of installed sensors is by dynamic monitoring. 
Dynamic monitoring simply means having alarm limits that change in relation to the 
generator load point, rather than waiting for a high-level alarm limit to be reached. Re¬ 
lying on static high limits can sometimes mean that a problem has progressed too far to 
allow any meaningful corrective action by the time the alarm limit is exceeded and the 
operator is notified by the alarm. 

The premise behind dynamic monitoring is to mathematically predict what a partic¬ 
ular sensor or group of sensors should be reading at any operating point and compare it 
with the actual sensor reading. The difference between the two can be closely moni¬ 
tored, and if the deviation is more than a previously determined limit, it can be alarmed 
or brought to the attention of the operator. The obvious advantage is that much earlier 
warning can be obtained. Also, it makes it possible to look for long-term problem 
trending, as well as more immediate failure modes. 

To do this, a mathematical model of the generator parameter being monitored must 
be available. Then it has to be customized to the particular machine being monitored. 
Subsequently, this mathematical model becomes an artificial sensor or an indicator of 
a problem. The following is a brief description of how this type of sensor is construct¬ 
ed. 

One of the best examples of an artificial indicator built from sensor readings into a 
mathematical model is that of water-cooled stator winding hose outlet temperature 
measurement. To build this indicator in its simplest form, one must look at what af¬ 
fects the stator winding temperature during all modes of operation, but specifically 
when the generator is connected to the system and loaded. 

In the case of the stator winding hose outlet sensor, we are not concerned with stator 
winding temperature when the generator is offline since no current flows in the wind¬ 
ing. Fault current could flow when the generator is on open circuit and a failure of the 
ground wall insulation occurs. Flowever, this is a case in which generator ground fault 
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relay protection comes into play, and stator winding temperature monitoring is a sec¬ 
ondary issue. The main concern is the temperature of the stator winding when the ma¬ 
chine is online and stator current is flowing in the winding. 

To begin, the stator winding hose outlet temperature will be at least that of the wa¬ 
ter inlet temperature. Therefore, the first component of a stator bar hose outlet temper¬ 
ature, Tout, will be the temperature of the cooling water in, (For direct hydrogen- 
cooled stator windings, the coolant inlet temperature is derived from the cold hydrogen 
gas temperature.) 

Stator bar temperature will increase as electrical current flows in the copper of the 
winding. The relationship of temperature to electrical current is well known as T P. 
Therefore, if the generator is at full load while the stator current is theoretically at its 
maximum (/ref), then the temperature of the stator bar hose outlets will be some tem¬ 
perature above the cooling water inlet temperature. The difference between the cooling 
water inlet and outlet temperatures will be the temperature rise, at this reference 
load, due to the heat input from the stator bar PR losses. The temperature difference 
between 7),^ and /)„ will obviously change as the generator loading (operating stator 
current, 4) is increased and decreased. Applying the relationship T P, we can use 4 
and 4ef in the form (4/4ef)^ to account for generator load changes. Therefore, the basic 
formula to calculate stator winding hose outlet temperatures can be written as 

7’out = T-m + dlA —^ 

\ ^ref 

In the relationship above, we can see that the portion of the function (4/4ef)^ is 
equal to one, as it should be, when fingerprinting of the stator winding temperatures is 
done at the reference load. As 4 becomes lower, at lower loads, the temperature calcu¬ 
lated for 4,^ will decrease proportionally [1]. Using the formula, the difference be¬ 
tween the measured reading and the calculated value can be closely monitored. An 
alarm value (e.g., 5°C) can then be added to the calculated value to produce the dy¬ 
namic alarm limit as follows: 


T — T + 
alarm out 

If the deviation is more than the calculated alarm limit, 4iarm,> it is then brought to the 
attention of the operator (see Figs. 5.1 and 5.2). 

It should be noted that the preceding algorithms are in their simplest form. Other 
factors must be included for complete accuracy. The manufacturer generally knows 
these factors. For example, the stator bar expected temperature calculation can also 
be enhanced, to include a factor allowing for variable coolant flow in water-cooled 
stator windings. Likewise, for direct hydrogen-cooled stator windings, this model can 
be enhanced to incorporate changes in hydrogen gas pressure. When implementing 
these types of models, the utility should consult the manufacturer before implemen¬ 
tation. 

Now consider the direct hydrogen-cooled stator winding. If we do not include the 
gas pressure factor, the model allows diagnosis of overheating due to drops in casing 
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Fig. 5.1 Polar graph of instantaneous temperature magnitude for all hose outlets 
monitored. 


hydrogen pressure. If we include the factor, then the model will always account for 
casing pressure changes and never be able to predict temperature rises on pressure 
variation, because the model is now further dynamic on pressure as well as coolant in¬ 
let temperature and stator current. Therefore, to determine if one of the model vari¬ 
ables is affecting the outlet temperature, one either needs to depend on separate indica¬ 
tors to advise that a limit has been exceeded or use combinations of the basic model 
with each of the variables sequentially removed. 

The distinct advantage of using this type of indicator in conjunction with direct sen¬ 
sor readings is the capability to predict expected values over the entire load and power 
factor range of the generator, and compare them to the actual readings. This allows a 
much improved and closer degree of monitoring on specific generator components, 
rather than simply relying on a maximum limit before an alarm is incurred. Using this 
dynamic monitoring method, one can look for deviations of only a few degrees above 
normal (for temperature relationships), at any load, and be provided with much faster 
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Fig. 5.2 One hose-outlet sensor indicating plugging as temperature in relation to 
time. Legend: — = high limit, = dynamic alarm level, —= measured SOW outlet 
temperature, = SOW inlet temperature, — = average stator current, Kamps. 


warning of impending problems in the generator, long before measured parameters get 
anywhere near their absolute limits. 


5.4 ARTIFICIAL INTELLIGENCE DIAGNOSTIC SYSTEMS 

Monitoring systems with diagnostic capability using artificial intelligence software are 
more commonly referred to as expert systems. The purpose of an expert system for 
monitoring and diagnostics of large steam turbine-driven generators is to collect, ana¬ 
lyze, and interpret generator and auxiliary system sensor information, and provide ear¬ 
ly diagnosis of developing problems in the generator and its associated systems. The 
expert system should provide an easily understandable description of the suspected 
problem and recommendations to correct it, or bring the unit to a safe operating condi¬ 
tion in a timely and appropriate manner. 

The main advantage of an expert system is its ability to look at all available sensor 
data in real time, correlate it as an “expert” would, and continuously update the diag- 
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nosis based on changing sensor readings. This allows operators to react quickly at the 
onset of the majority of generator problems that may be experienced during operation 
and avert major failures. In addition, an expert system gives station maintenance engi¬ 
neers a tool to closely monitor and log the performance of the generator, and make bet¬ 
ter maintenance decisions from the data collected during operation. 

There are a variety of types of expert systems in use today on large rotating ma¬ 
chines. Their deterministic capabilities rely on such methods as rule-based systems, 
pattern recognition, neural networks, and Bayesian belief networks. Regardless of the 
type of expert system implemented, all have a number of common elements. These in¬ 
clude a knowledge base containing the equipment facts, component relationships, and 
mathematical models; data acquisition hardware and software for sensor inputs; AI 
(artificial intelligence) software, more commonly referred to as an inference engine, to 
perform the reasoning function between the knowledge base and sensor inputs; a 
graphical user interface to allow the operator to interact with the system; installation 
software to allow changes and updates to be made to the system by the experts; and in 
some cases a simulator for offline testing and training. 

Within the various elements of the expert system, some interesting and novel tech¬ 
niques have been developed in recent years to provide accurate analysis of impending 
problems. These include mathematical modeling techniques used for logical and prob¬ 
abilistic determination of large generator problems. Also, methods of combining sen¬ 
sor inputs to create mathematical indicators of problems and techniques for dynamic 
tracking of problem indicators over the full power factor and load range of the genera¬ 
tor have been developed. 

An expert system generally consists of a computer for monitoring and processing of 
data, external data acquisition hardware for collection of the generator and auxiliary 
systems sensor inputs, and the software that forms the basis of the expert system. The 
computer is usually a fairly powerful type of machine such as a workstation. This is 
mainly because real-time expert systems have large memory requirements and need 
fast CPU speeds. However, based on the present trends in computer development, it is 
now possible to put even the larger expert monitoring systems on a PC. 

The data acquisition system is used to collect raw sensor data from the generator 
and auxiliary systems. It can consist of a stand-alone data logger or the equivalent, or 
the existing unit computer data acquisition system. 

The number of sensors monitored will vary, depending on the particular generator 
and how extensively it is instrumented. The expected readings of the monitored sen¬ 
sors are determined during installation and configuration of the expert system, by 
“heat run” tests on the generator at various loads and power factors to fingerprint the 
expected machine’s behavior. The fingerprint data is used to produce scaling factors 
for specific formulas developed to track sensor inputs over the entire load and power 
factor range (i.e., dynamic tracking), and to set maximum sensor limits according to 
insulation class, machine rating, and other machine-specific parameters. Such formu¬ 
las include stator winding temperature as a function of coolant inlet temperature and 
stator phase current as previously described, and stator core temperatures as a function 
of MW, MVAR, and cold hydrogen gas temperature and pressure. 
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Examples of sensors are those providing direct temperature readings from thermo¬ 
couples and RTDs, pressure readings, voltage measurements, current measurements, 
and equipment status (breaker open/closed, pump on/off, tank level high/low, etc.). 
These are generally the instruments that are hard-wired directly to the data acquisition 
system. The readings are used in their raw form both in terms of the measurement val¬ 
ue and units. 

Within the software will be found the AI software, the knowledge base, third-party 
software for such things as the graphical user interface, installation software, and sim¬ 
ulation software. 

Within the knowledge base are the general and specific generator information on 
problems and indicators of problems, which the AI software must process. The knowl¬ 
edge base is generally a refined database that attempts to incorporate industrywide 
commonality in generator operation and troubleshooting. In addition, the specific in¬ 
formation on the particular generator and its auxiliary systems being monitored are 
structurally mapped into the database. 

The knowledge base consists of the possible generator and auxiliary system prob¬ 
lems. Attached to the problem network or table are the indicators that consist of as 
many sensors and problem indicators as available from the installed generator instru¬ 
mentation. The problem indicators are, in effect, the sensor inputs or combinations of 
sensor inputs that convey the information to the problem set that some operating para¬ 
meter or limit has been exceeded, and that a real problem is occurring. The AI software 
determines this, as it processes the information from deviations between actual sensor 
readings and expected readings. 

The expert system software uses the sensor inputs to look for deviations in readings 
that indicate generator problems and reports the relevant information to the monitor for 
operator interaction. Dynamic monitoring lends itself to the expert system application 
extremely well and takes even greater advantage of this technique. The example given 
in the section on dynamic monitoring has shown how the individual hose outlet temper¬ 
ature from one stator bar is calculated, so that it may be compared to the actual sensor 
reading. However, each stator bar is also associated with a particular stator winding par¬ 
allel and phase. This is very important to consider since some stator winding problems 
are not simply related to only one stator bar, but to a particular parallel, phase, or the 
whole winding. An expert system can handle this complexity extremely well as follows. 

On a two-pole, two-parallel path stator winding, for example, one of the phase par¬ 
allels could be affected if a parallel connector on the collector end-ring bus were open 
circuited. This would cause all the current on the associated phase to divert from the 
open parallel to the other parallel. In effect, there would be no current flow in the one 
parallel, and the other parallel would be attempting to carry full-phase current and sub¬ 
sequently overheat. We would, therefore, expect to see all the bars associated with the 
overheated parallel in high-temperature alarm, and the other bars to go down in tem¬ 
perature since no stator current is flowing. 

Let us say, for the same winding configuration, that one phase loses all cooling wa¬ 
ter flow due to plugging of the coolant path, which is sometimes made possible by the 
configuration of the water delivery system to the winding. We would then expect to 
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see all the bars associated with this phase in high-temperature alarm since the phase is 
still carrying current but is not being cooled. 

Finally, consider the whole winding in the case in which the cooling water flow is 
greatly reduced but is still flowing. The temperature monitoring indicators for the sta¬ 
tor bars will see normal stator current and inlet water temperature, but reduced flow. 
Therefore, all the stator bar hose outlet temperatures should be in alarm since all will 
be reading higher than the calculated expected value for each bar. 

The point of the last three examples is that we do not wish to have every stator bar 
hose outlet temperature in alarm when the root problem is not related to the bars them¬ 
selves. Therefore, a further method is required to establish that the problem is not with 
the stator bars but is rather rooted in the connectors or the cooling-water delivery system. 

To do this, we can use the stator winding diagram to form a sensor network and 
map out which bars belong to each of the three phases, and, subsequently, which of 
these are in each parallel [1]. Using the stator bar temperature models, the expert sys¬ 
tem can then reason that the problem is related to, for example, the red phase only be¬ 
cause the winding mapping tells it that only the bars in the red phase are overheating. 
Therefore, the expert system would report simply that the red phase is overheating, 
rather than all the stator bars in that phase. One can then use graphical abilities of the 
computer to track the temperature of the affected phase in comparison to the other 
phases and to load changes. 

The degree of overheating can be determined by further using the individual bar 
temperature models to give the average temperature of the bars in the affected phase, 
or the hottest bar in the affected phase, and so on. Handling of the temperature report¬ 
ing is discretionary, and is simply a matter of choice in this case. Hence, there is addi¬ 
tional flexibility built in with this type of approach. 


5.5 MONITORED PARAMETERS 

All generator-monitoring systems require sensors connected to the generator and its 
auxiliary systems to provide a diagnosis of problems that may be occurring. These sen¬ 
sors are various types of instrumentation that are installed to measure some parameter 
that is important to the safe operation of the machine. A sensor can come in many 
forms such as a thermocouple, pressure gauge, or level switch. In this section, we dis¬ 
cuss the basic parameters monitored in generators and their auxiliary systems, and the 
effect of operation outside the limits of the parameter. A brief description of the types 
of sensors or instruments used for each parameter is included, as well as what each de¬ 
tects and how they are used. 

In addition to the basic individual parameter or sensor information, some sensors can 
be related to another sensor to form an indication of a problem or existing generator con¬ 
dition. Here we describe how certain of these relevant sensors can be used in conjunc¬ 
tion with others, to provide some additional diagnosis of the generator condition. 

In discussions of generators, in general, the machine is broken down by compo¬ 
nents and subsystems that have common elements. The sensor information in this 
chapter will be presented organized by subsystems of the generator. 
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5.5.1 Generator Electrical Parameters 

Generator Output Power. Generator output power is the real MW power out¬ 
put from the generator. It is a function of the stator terminal voltage, current, and the 
generator power factor as follows: 

MW = MVA X PF = V3 X Kt X 4 X PF 

where F, is the terminal line voltage and 4 is the terminal current. The power outputs, 
both active power (MW) and reactive power (MVAR), are monitored by voltage and 
current signals taken from the generator potential and current transformers. The signals 
are processed to provide the MW and MVAR information and displayed and recorded 
in the main control room, to keep track of the load point of the machine and allow op¬ 
erator control of the generator. 

MW overload on the generator is the main concern, and often this means that the 
stator current limit has been exceeded. High stator current will affect the condition of 
the stator winding. Excessive stator terminal voltage can also result in an overload 
condition, but this is generally alarmed and relay protected to ensure that an overvolt¬ 
age situation does not occur. Excessive terminal voltage will affect core heating. 

Generator Reactive Power. Generator reactive power is the volt-amperes- 
reactive (MVAR) output from the generator. As with the MW of the generator, the 
MVARs are also a function of the stator terminal voltage and current. However, the 
MVARs are principally determined by the field current input to the rotor. Therefore, 
when MW is held constant, varying the field current will change the MVAR. The rela¬ 
tionship is as follows: 


MVAR = V(MVA2 - MW^) 

The MVAR loading of the machine must also be monitored, since it also has operating 
restrictions. 

Exceeding the maximum MVAR loading means that the field current limit on the 
rotor has probably been exceeded in the lagging power factor range. This will cause 
rotor-winding overheating. In addition, the stator terminal voltage can also be exceed¬ 
ed during excessive VAR loading and cause stator core overfluxing and, hence, core 
heating. 

Exceeding the minimum MVAR loading means that the field current on the rotor 
has been reduced to a very low level, such that the generator is operating in the leading 
power factor range. When the MVARs are reduced beyond design limits, the possible 
problems that can occur are stator core-end overheating, exceeding the minimum ter¬ 
minal voltage limit, and loss of stability from slipped poles. 

Three Stator Phase Currents. The three stator phase currents are monitored 
via the generator current transformers. Different classes of current transformers may 
be employed for metering and relaying requirements. They are located close to the 
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generator winding around the terminal bushings. The analog output from the current 
transformers, approximately 5 A at rated generator output current, may be displayed 
and/or recorded on the main control panel. 

The three phase currents flowing in the stator winding produce PR losses, which di¬ 
rectly affect the temperature of the winding. Excessive current will cause excessive 
temperature, proportional to the square of the current. In addition, vibration and bar¬ 
bouncing forces are induced in the stator windings in proportion to the square of the 
current flowing. 

Temperature and vibration affect the electrical and mechanical integrity of both the 
interstrand and ground-wall insulations, and the stator bar surface coatings. The me¬ 
chanical integrity of the copper strands is also affected by temperature, in terms of ab¬ 
solute temperature and thermal cycling, and by the mechanical effects of bar bouncing. 

The stator currents are monitored and used to provide indication of stator current 
overload and phase current unbalance, and they can be used to calculate the negative- 
sequence currents flowing in the rotor. 

Stator Terminal Voltage. The stator voltage is monitored at the generator po¬ 
tential transformers. Different classes of potential transformers may be employed for 
metering and relaying requirements. The stator voltage is generally displayed and or 
recorded in the main control room. 

Terminal voltage is a function of magnetic flux, rotor speed, and the stator-winding 
configuration. Excessively high voltage on the stator winding can break down the 
ground-wall insulation and deteriorate the stator bar surface coatings due to electrical 
breakdown phenomena. In addition, if the voltage becomes too high, the stator core 
may become overheated by an “overfluxing” condition. The induced eddy currents in 
the individual laminations would become excessive under such conditions, overheat 
the interlaminar insulation, and eventually melt the stator iron if the voltage is over the 
limit and held for too long a time. (For a discussion of this topic, refer to the discussion 
in Chapter 4, Section 4.4.8). There is an exponential relationship in which the higher 
the overvoltage is, the less time the stator core insulation can withstand it. The capabil¬ 
ity of the interlaminar insulation varies from one machine to another, but nowadays 
most are generally built to class F. 

The stator terminal voltage is monitored to look for abnormal terminal voltage, ei¬ 
ther too high or too low, and to monitor the degree of phase voltage unbalance. Moni¬ 
toring of the generator terminal voltage is critical during synchronizing of the genera¬ 
tor to the system. The terminal voltage of the generator must be matched in magnitude, 
phase, and frequency to that of the system voltage before closing the main generator 
breakers. This is to ensure smooth closure of the breakers and connection to the sys¬ 
tem, with no malsynchronization occurring. Additionally, overfluxing occurrences 
tend to happen during start-up operations, before connection to the grid. 

Field Current. Field current can be measured by a dc shunt installed in series in 
the excitation supply circuit or by dc CTs on the power circuit at the excitation system. 
The measurement is brought back to the control room for monitoring and is also used 
with the filed voltage to calculate the rotor winding average temperature. 
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The current flowing in the rotor winding is direct current and produces l^R losses, 
which directly affect the temperature of the copper winding. The temperature of the ro¬ 
tor winding cannot be measured directly but, rather, by resistance using the measured 
field current and the measured field voltage to calculate the resistance of the rotor 
winding. 

Excessive field current will cause field winding overheating directly and high ter¬ 
minal voltage. A field current that is too low can cause core-end heating and/or de¬ 
crease of the terminal voltage to below its minimum allowable value. In addition, if the 
field current is reduced too far, magnetic coupling between the stator and rotor fields 
will be weakened such that loss of synchronism occurs from slipped poles. This is 
more commonly referred to as instability. 

Field Voltage. Field voltage is measured at the excitation system supply to the 
rotor, and is generally taken as the voltage across the slip rings. The measurement is 
brought back to the control room for monitoring and is also used with the field current 
to calculate the rotor winding average temperature. 

Increasing the field voltage increases the field current proportional to the rotor 
winding resistance. It is monitored but not usually used for alarms or trips. It is used to 
calculate rotor winding resistance and, subsequently, the rotor winding average and 
hot-spot temperature. AVR problems can cause the field voltage to become too high 
and, in turn, cause the excitation to increase beyond design limits. 

Field voltage may be increased in times of system events to boost generator voltage 
by “field forcing.” This term is used to describe increasing the field voltage to approx¬ 
imately double its normal value, on a short-term basis. The capability of any rotor dur¬ 
ing field forcing depends on the winding and cooling design. The relationship is gener¬ 
ally an exponential one over time. 

Frequency. The frequency of the generator output voltage is monitored at the 
generator potential transformers. The frequency is usually displayed on the main con¬ 
trol panel. Frequency is measured in cycles per second or hertz (Hz). It refers to the 
electrical frequency of the generator. It is monitored for abnormal deviation from the 
system frequency, which is 60 and 50 Hz, depending on location in the world. 

Frequency is more a consideration for turbine blade, hydrogen seal, and bearing op¬ 
eration. There are many sub synchronous vibration modes associated with low-frequen¬ 
cy operation that could cause these components to fail, and must be avoided. In terms 
of generator operation, over- and underfrequency are the main concerns. 

Overfrequency is most often the result of an instantaneous load reduction when the 
generator is synchronized to the system, or from excessive turbine torque when the 
generator is in the open-circuit condition before synchronization with the grid. 

During on-load operation, fast load reductions may cause the current in the stator 
winding to decrease rapidly and the terminal voltage to likewise rise rapidly due to a 
high level of field excitation still applied. In this case, automatic action is taken to de¬ 
crease the steam input to the turbine, to match the load requirements, and to quickly re¬ 
duce field current to keep the terminal voltage within limits (i.e., the automatic voltage 
regulator). 
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Underfrequency is generally caused by a system event rather than the generator it¬ 
self. The effect on the generator, however, is almost always an attempt by the system 
to extract excessive current from the stator and to drag the rotor speed down. This also 
has the effect of depressing the stator terminal voltage. To offset this, the excitation 
system for the generator will generally go into “field forcing” to try to maintain rated 
terminal voltage. Therefore, there is a possibility of sustaining overheating in both the 
stator and rotor windings during this type of event. Protection against overloading in 
these components is usually provided. 

Volts per Hertz. Volts per hertz (V/Hz) is the ratio of terminal voltage to gener¬ 
ator electrical frequency. It is actually used as a generator supplementary start protec¬ 
tion during the open-circuit condition rather than for on-load operation. It is primarily 
in place to protect the generator from overfluxing during open-circuit operation. Dur¬ 
ing the open-circuit condition, core overfluxing and, hence, overheating, is possible if 
an overvoltage or underfrequency condition occurs. 

In the online state, however, should the terminal voltage rise beyond the design ca¬ 
pability of the stator core, there is a danger of overfluxing the core in that condition as 
well. (This topic is extensively covered in other sections of this book; see the Index.) 

Negative Sequence. Negative sequence generally refers to negative-sequence 
currents in the generator rotor induced by imbalance in the three stator-phase currents. 
These currents flow on the surface area of the rotor in the forging and wedges and are 
skin-effect currents that occur at twice rated frequency component. The unbalanced 
condition may be due to a machine or system problem but is more often system related 
rather than due to a problem in the generator itself. 

There are two components of negative sequence to consider. The first is the contin¬ 
uous 4 component, which refers to the amount of phase unbalance the generator can 
tolerate for an infinite operating period. The second is the transient component, called 
/If which refers to the degree of short-term phase unbalance that the generator can 
withstand. 

For large steam turbine generators, a typical continuous 4 value of 8 would be nor¬ 
mal. This means that the generator could carry a continuous phase imbalance in the 
stator winding of 8% or 0.08 pu of the rated stator current without damaging any of the 
generator components, specifically the rotor. A typical transient value for 4 (the 
component) would be 10. This means that the generator could withstand 100% or 1 pu 
phase imbalance for 10 seconds (i.e., 1 pu phase current times 10 seconds = an /ft val¬ 
ue of 10) [2]. The overall relationship for negative-sequence capability of a generator 
is expressed exponentially as shown in Figure 5.3. 

There is always a small natural degree of imbalance in these three-phase currents, 
but they are not harmful below the continuous 4 value. When the degree of imbalance 
becomes significant, it appears as 120 (100) Hz currents flowing in the surface of the 
rotor body and wedges, which can overheat the rotor forging and/or wedges. The 
symptoms may arise as high vibration due to thermal imbalance in the rotor, and even¬ 
tual component failure should overheating occur. Relay protection is generally provid¬ 
ed to detect the level of negative-sequence currents and initiate a generator trip. 
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Time (seconds) 

Fig. 5.3 Negative-sequence inverse time relationship. 


5.5.2 Stator Core and Frame 

Core Temperatures. Stator core temperatures are monitored by thermocouples 
(RTDs) embedded between the stator core laminates at strategic locations (see Figs 5.4 
and 5.5). In the radial direction, these locations are usually in the tooth center, the core 
yoke a few inches below the slot bottom, and in the core yoke centered between the 
slot bottom and the back of the core. In the axial direction, they are positioned at both 
core ends, generally from the first core packet up to about one-and-a-half feet (45 cm) 
inward, and in the core center. This provides coverage such that the various core-heat¬ 
ing modes may be fully monitored. This includes global overheating, core-end over¬ 
heating, and localized overheating from local core faults. 

Global overheating of the stator core may occur from overfluxing by excessive field 
current application, either online or offline. An indication that this condition is occur¬ 
ring will also be evident by the stator terminal voltage being above allowable limits. 
Core overheating can occur during overload, in which case the terminal voltage and 
field current will almost certainly be above limits. These are inverse time dependent so 
that a certain amount of overfluxing may be tolerated in a short period of a few sec¬ 
onds. The relationship is exponential with time. 

Another possible cause of global core overheating is from the hydrogen gas pres¬ 
sure dropping too low. In this case, the core is simply not getting sufficient cooling. 
Hydrogen gas purity will also affect core temperature, but the drop in purity has to be 
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Fig. 5.4 Embedded core thermocouple. 


severe for overheating to occur. This will have an effect on most other components in 
the machine at the same time. 

The other cause of global core overheating is high hydrogen gas temperature. This 
is most likely to occur due to a problem with the hydrogen coolers, such as low flow or 
loss of raw cooling water. There have also been cases in which the raw water supply is 
too warm in summer months in southern areas, and even at full raw water flow the cold 
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hydrogen gas cannot be maintained below allowable limits. Again, core heating will be 
higher but overheating is unlikely. The condition should not be left uncorrected 
though, because the stator core interlaminar insulation life will be adversely affected in 
the long run by extended operation at higher than rated temperatures. 

Core-end overheating is a condition related to a number of factors such as electric 
loading, airgap and stray flux, and magnetic saturation of the core, which are all affect¬ 
ed to some degree by leading power factor operation. The amount of effect in the lead¬ 
ing power factor range, for any given machine, will depend on the core-end design in 
terms of electric and magnetic loading characteristics. 

In the core-end overheating mode, the core center is not affected. During leading 
power factor operation, the interaction of the magnetic fields in the core ends is such 
that there is a higher degree of axial flux impingement on the core, which tends to sat¬ 
urate the iron at the core ends. As the power factor or field current is reduced, satura¬ 
tion increases and, subsequently, the core-end temperatures rise. The level of tempera¬ 
ture rise in the core ends is dependent on a variety of generator design features and, 
depending on design variations from generator to generator, some machines will see 
this affect more than others. 

Local core overheating is a condition generally related to a small area of the core 
and is usually due to a localized defect or foreign body present in the stator. It can be 
associated with a breakdown of the interlaminar insulation or shorting of the core lam¬ 
inates. 

Interlaminar insulation breakdown can occur from voltage spikes because of sys¬ 
tem- or machine-related events, fretting from loose iron, poor space-block welds, and 
so on. Shorts across laminates occur generally either from foreign objects in the bore 
or damage to the core from the rotor skid plate or hammer strikes during rewedging ac¬ 
tivities. 

Core-Clamping-Plate Temperatures. Core compression or clamping-plate 
overheating is also related to the same factors as core-end overheating and somewhat 
dependent on leading power factor operation. It is affected by the interaction of the 
magnetic fields at the ends of the generator, the same as the core. TCs or RTDs are at¬ 
tached to the core compression plates to monitor for excessive temperature rise (see 
Fig. 5.6). 

In addition to the end-iron effects from leading power factor operation, the clamping 
plates are also susceptible to overheating due to abnormalities in the hydrogen gas (i.e., 
low gas pressure and high gas temperature), since they are also cooled by hydrogen. 

Core-End Flux Screen or Shunt Temperatures. Core-end flux screens or 
shunts are employed to reduce the saturation effect on the stator core-end iron and core 
compression plates. Again, this occurs primarily during leading power factor opera¬ 
tion. The net effect of the flux screens or shunts is to control the stator-end tempera¬ 
tures below the class insulation limit. The flux screens/shunts therefore generate con¬ 
siderable losses and heat from the circulating currents induced in them. 

Temperature monitoring in the form of TCs or RTDs is provided in many cases to 
ensure that the high-temperature limit is not exceeded. In addition to the end-iron ef- 
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Fig. 5.6 Thermocouple attached to core-end clamping plate in the bore side of the 
plate where the temperature is usually highest due to stray flux. 


fects from leading power factor operation, the clamping plates are also susceptible to 
overheating due to abnormalities in the hydrogen gas (i.e., low gas pressure and high 
gas temperature), since they are also cooled by hydrogen. However, there are some 
designs in existence that employ a water circuit in the flux screens and use stator 
cooling water for primary heat removal. In such cases, the hydrogen gas has a lesser 
effect. 

Generator Condition Monitor. The generator condition monitor (GCM), 
commonly known as the core monitor, is a device used to detect overheated insulation 
inside the generator. Although the original intent of the GCM was to provide advance 
warning of stator core insulation overheating, the fact is that any overheated organic 
material inside the generator (i.e., insulation) will create pyrolysis products in the form 
of particulates that can be detected by the GCM (see Figs. 5.7 and 5.8). 

The detection of particulates occurs in an ion chamber within the GCM. The ion 
chamber is designed to work in a hydrogen atmosphere under the high pressures used 
in large generators. As hydrogen is passed through the ion chamber, the detector inside 
the chamber produces a constant current through the gas flow. The current is set (usu¬ 
ally at 80%) by regulating the gas flow and continuously monitoring it. When particu¬ 
lates (i.e., pyrolysis products from overheated insulation) are present, the current will 
drop. If the reduction in current goes below a preset alarm limit (generally set at 50%), 
the GCM signals an alarm. 

The alarm tells the operator that a GCM event has occurred in the generator and a 
check on the validity of the alarm is now required. To assist the operating personnel in 
this assessment, a filter is employed to check that particulates are in fact present in the 
hydrogen gas. The operator simply pushes a button to divert the gas flow through the 
filter assembly before going to the ion chamber. If the alarm is real, the filter will re- 



5.5 MONITORED PARAMETERS 


269 



CUSTOMER INTERFACE SYSTEM ELECTRONICS 

(INPUT/OUTPUT) 


Fig. 5.7 Condition (core) monitoring system. (Courtesy of Environment-One.) 


move the particulates and the GCM current will return to normal. Releasing the filter 
button should bring the alarm back on as long as the particulates are still present. 

One of the problems that have been experienced over the years with the GCM is 
false alarms due to oil mist contamination in the hydrogen gas. The problem can be 
circumvented by slightly heating the ion chamber, as this causes the oil mist to have no 
effect on the current signal [3]. For this reason, many GCMs are now equipped with 
warmed ion chambers. 

In the past, ion chambers were heated to the point where they were known to some¬ 
what desensitize real alarms due to overheated insulation. Warming to a lower temper¬ 
ature than previously removes this issue, and the effectiveness of the core monitor is 
generally good. 

To further enhance the use of the GCM, and to aid in determining what the source 
of any alarm is, an automatic sampling assembly is incorporated in the GCM. When an 
alarm occurs, a controlled volume of hydrogen gas is passed through the sampler, 
which has a removable collector. The collector maintains the ability to capture both the 
particulates and the gas that passes through it. The collector is then sent to a laboratory 
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Fig. 5.8 Condition (core) monitor installed next to generator. 


for analysis of the collected samples. In this way, the source of the overheating or false 
indication can be determined. 

The downside of auto-sampling is that it takes time for the samples to be analyzed 
while the unit is still operating. A decision can be made to continue running on the 
chance that the source of overheating will not be fatal to the generator (back-of-core 
burning, oil mist, etc.) or the unit can be shut down until the analysis results are ob¬ 
tained. 

Tagging compounds [4] were developed to assist with identification of the source 
of internal generator overheating. Tagging compounds are essentially a number of dif¬ 
ferent synthesized chemicals that are chemically and thermally stable. Each of the dif¬ 
ferent “tags” is mixed in trace amounts with the colored epoxy paints that are used to 
coat the various internal generator components. When a GCM alarm occurs, a sample 
is taken and the sample is then quickly analyzed with the provided “on-site” equip¬ 
ment. Since the tagging compounds are known, the location of the overheating may be 
quickly determined (see Fig. 5.9). 


Calculation of Available Hs Flow-Rate Capacity. It is not uncommon for 
H 2 -cooled generator operators to find that their GCMs are not functioning properly due 
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Fig. 5.9 Color-coded tagging compounds. (See color insert.) 


to a lack of sufficient flow rate through the device. Unfortunately, users that dis¬ 
cover they are having a problem with hydrogen flow mostly find out about it after the 
instrument is purchased. In some cases, in particular those involving older units, 
changing to a new GCM version may be all that is needed, given that newer versions 
tend to require less hydrogen flow to operate correctly. Sometimes, the solution re¬ 
quires replacing H 2 piping with larger diameter pipes. In other cases, the solution may 
necessitate the installation of a hydrogen fan external to the generator, placing it next 
to the GCM. In all cases, it may be advantageous to estimate the available pressure dif¬ 
ferential before a particular GCM is purchased. 

The hydrogen flow via the GCM is obtained by tapping into the generator’s casing 
in two locations with different internal pressure. At first glance, this appears to be a 
simple issue. However, as indicated above, the resulting pressure head may not be suf¬ 
ficient to overcome the flow resistance in pipes and the GCM’s internal flow resis¬ 
tance, resulting in less than adequate flow. To estimate the flow of H 2 thru a given 
GCM, the operator can perform the simple set of tests described below. The results 
will be only somewhat accurate, given the nonlinearity (not captured in these calcula¬ 
tions) between the pressure drop and the flow rate of a gas flowing through a pipe. 
However, they should be accurate enough to provide a good ball-park estimate of the 
available versus required flow leading to the correct operation of a particular GCM. 

Figure 5.10 shows a typical GCM attachment to a hydrogen-cooled generator. In 
the figure, one can see that tapping into the unit’s casing is done at different ends of the 
machine, and on different sides. This arrangement is not necessarily true for every ma¬ 
chine in operation. Nevertheless, the figure also clearly shows that the H 2 pipes are of 
relatively small diameter and quite long. Also shown are some additional valves for H 2 
collection. Finally, the figure also shows that in this particular example there are more 
than two tapped points. In fact, there are three, and one can choose the two providing 
the maximum hydrogen flow through the GCM. 
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Fig. 5.10 Core monitor and hydrogen feeding pipes. 


To perform the required estimation of flow, two points in the piping that will be 
close to the installed GCM should be chosen for performing the open- and closed-cir¬ 
cuit tests described below. 

Open-Circuit (OC) Test (see Fig. 5.11). This test is done by plugging the pipes at 
the chosen location (as close to the GCM as possible) and by measuring the resulting 
pressure head. In general, one can expect pressures equal to several inches of water. 
Given that in this situation the gas flow equals zero, the pressure measured is the pres¬ 
sure differential available at the tapped location. Changing this pressure can only be 
achieved by changing the position of one or both perforations in the generator cas¬ 
ings—not a preferable solution. 

Closed-Circuit (CC) Test (see Fig. 5.12). The circuit is now completed via an ade¬ 
quate flowmeter (chosen to have a very low internal resistance), and readings are tak¬ 
ing of the resulting gas flow rate (for instance, in cubic feet per minute (cfm). In this 
test, the flow rate is a result of the available pressure head (found in the open-circuit 
test) and the resistance of all the piping. 

Now the actual rate of flow through a given GCM can be calculated (see Fig. 5.13). 
The calculation requires the value of the GCM flow resistance to be known. This can 
be obtained from the manufacturer of the instrument. 

In this way, users can ascertain if there is enough Hj head pressure in the existing 
piping to obtain the minimum required H 2 flow rate through any given GCM. Using 
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Gp = Available H 2 pressure head from generator 
Rs = Resistance to flow of pipes, elbows, valves. 
Q = Flow rate of H 2 . 


Fig. 5.11 Open Hj circuit test. 


these calculations, one could also estimate if changing piping diameter would result in 
any significant improvement. 

Core Vibration. Vibration in the stator core is naturally produced by the magnet¬ 
ic pull in the airgap, originating from the main magnetic field of the rotor, incident on the 
stator core. The pole or direct axis carries the main flux, while the winding or quadrature 
axis carries only the leakage and stray fluxes. Therefore, a large difference in magnetic 


Q = Qcc 



Flow 

meter 


Gp = Available FI 2 pressure head from generator 
Rs = Resistance to flow from pipes, elbows, valves. 
Qcc = Flow rate of FI2 with closed circuit. 


Fig. 5.12 Closed Hj circuit test. 
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Q = Qcm 



Qcm = Gp / (Rs + Rem) 

Where: 

Gp = Available H 2 pressure head from generator 
Rs = Resistance to flow from pipes, elbows, valves. 
Rem = Internal resistance of GCM. 

Qcc = Flow rate of H2 with closed circuit. 


Fig. 5.13 Complete Hg circuit. 


force is inherent between the two axes. A large magnetic force is generated in the pole 
axes, and a weak magnetic force is present in the winding or quadrature axes. Since each 
pole has a north and a south associated with it (with a quadrature axis in between each) 
and there is rotation, the stronger and weaker magnetic pulls generate vibration at twice 
the line frequency and the result is a twice rotational speed vibration effect. 

The core must be maintained tight or fretting will occur between the laminates. Mi¬ 
nor fretting will tend to deteriorate the interlaminar insulation, but if the core becomes 
too loose, the laminates and or the space blocks may even fatigue, with the result being 
pieces of loose core material breaking off and causing damage. Monitoring of core vi¬ 
brations can be done with accelerometers mounted on the core back in strategic loca¬ 
tions to determine the magnitude and phase of both radial and tangential vibration 
modes (see Figs. 5.14 and 5.15). 

Frame Vibration. Frame vibration is also excited by the same magnetic pull in¬ 
fluences on the stator core and, consequently, the resulting vibration produced in the 
core. There are known cases of vibration resonance occurring on the frame as a result 
of the frame having a resonant frequency near or twice the line frequency. Resonant 
frequencies may be corrected by either adding mass to the frame to bring the natural 
frequency down or by stiffening the frame to drive the natural frequency higher, the 
object being to move the frame natural frequency away from the exciting frequencies 
by at least 10%. 
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Fig. 5.14 Core and frame accelerometers. 


Severe damage to the frame can occur by initiating cracks in the frame welds or in 
the frame members themselves. Residual damage from the high vibrations associated 
with frame vibration is likely to be transmitted to other components of the generator if 
the situation becomes severe. 

Good core-to-frame coupling is required to ensure that the core and the frame move 
together. There is evidence of numerous cases in which core frames became “uncou- 



Fiq. 5.15 Core and frame accelerometers. 


276 


MONITORING AND DIAGNOSTICS 


pled” from the core and impacting damage is found at the core-to-keybar interface. 
Such vibrations were corrected in the past by spring mounting the core to the frame or 
installing a damping arrangement to “detune” the vibration modes. 

Monitoring of frame vibrations can also be done with accelerometers mounted on 
the keybars, frame ribs, or casing structure in strategic locations to determine the mag¬ 
nitude and phase of both radial and tangential vibration modes (see Fig. 5.14 and 5.15). 

Liquid Level in Generator Casing. Most large generators are equipped with 
liquid detectors. As fluids collect in the generator casing they are drained to a tank 
equipped with a level detector connected to an alarm. The liquid detector does not dif¬ 
ferentiate between the fluids that collect in it; it only senses that the allowable liquid 
level in the stator casing has been exceeded. 

When the liquid detector alarm is triggered, a sample is required to be taken for de¬ 
termining the source. The possible sources are seal oil, stator cooling water, and hy¬ 
drogen cooler service water. 

5.5.3 Stator Winding 

The stator winding is a high-cost component of the stator. Most serious stator prob¬ 
lems are statistically found in the stator winding, due to the nature of the construction 
of the component and the operating duty it must endure with the relatively “soft” mate¬ 
rials employed, when compared to the stator core or frame. 

To judge the condition of the machine, operating load conditions can normally be 
correlated to temperature, vibration, partial discharges, and other parameters being 
monitored. Temperature is the main parameter monitored, and the winding may be 
monitored for temperature rise of the copper conductors and of the outlet cooling 
medium. The end winding may be monitored for radial, axial, and tangential vibration 
at once and twice the operating frequencies, and phase connection rings and terminal 
bushings may be monitored for both temperature and vibration. 

Correlations normally are made of identical quantities at fixed operating conditions, 
held constant for an adequate time period to establish steady-state conditions. Howev¬ 
er, some occurrences relate to changing conditions. In these cases, an exact record and 
methodical variation of conditions may be required for a proper diagnosis. 

Stator Cooling Water Inlet Temperature. Pure demineralized water is used 
as the cooling medium for stator windings in most large generators. It is commonly re¬ 
ferred to as the stator cooling water (SCW). Water cooling of stator windings is usually 
done on generators of 300 MW size and larger, but there are also numerous large ma¬ 
chines cooled by application of direct hydrogen cooling in the stator winding. In small¬ 
er machines, the cooling is done indirectly by hydrogen gas or air. In this arrangement, 
the stator core acts as a heat sink to dissipate the losses generated in the stator winding. 

The stator cooling water inlet temperature is generally maintained below 50°C [5] 
but normally operates in the 35 to 40°C range. High inlet water temperature will cause 
the water outlet temperature from the stator winding to be correspondingly high as 
well. This increases the possibility of the outlet water temperature exceeding the boil- 



5.5 MONITORED PARAMETERS 


277 


ing point. Strict attention must be paid to the inlet stator cooling water temperature, 
since the outlet stator cooling water temperature will be directly affected. Measure¬ 
ment of the cooling water inlet temperature is done generally by thermocouples or 
RTDs in the inlet coolant path. 

Bulk Stator Cooling Water Outlet Temperature. The stator cooling water 
outlet temperature is usually maintained below 75°C [5]. The limit is approximately 
90°C. Overheating of the stator bars is likely to occur and, possibly, boiling of the sta¬ 
tor cooling water if the limit is exceeded. 

Monitoring of the bulk stator cooling water outlet temperature provides indication of 
a range of problems that may be occurring in the stator winding but, generally, is in¬ 
dicative of a global stator winding heating problem rather than a localized winding prob¬ 
lem. The other stator winding components affected are the stator terminals and phase 
connectors if they are water cooled. In many generator designs, the terminals and phase 
connectors may be cooled by hydrogen while the stator bars are cooled by water. 

The main problems indicated by the bulk stator cooling water outlet temperature be¬ 
ing high are stator current overload, low flow or a reduction of cooling water to the sta¬ 
tor winding, and high inlet cooling water temperature. For all slot-RTDs and/or stator 
cooling water outlet temperature sensors, high readings also indicate these conditions. 

Stator current overload simply means that the stator current is above the maximum 
allowable limit, and that the PR losses in the copper of the winding have exceeded the 
cooling capacity of the stator cooling water system. Low flow or reduced cooling wa¬ 
ter in the winding may occur due to plugging, leaks, or reduced flow from the stator 
cooling water system. 

Plugging may occur due to corrosion of the hollow copper conductor bar strands, 
debris, or dust plugs left in the stator water cooling path after a generator overhaul. 
Low cooling water flow in the generator can occur if there is a substantial leak. Most 
likely, the problem will be in the stator cooling water system, external to the generator. 
Leaks may originate, for example, at piping joints or from cooler tube failure. 

Reduced flow from the stator cooling water system may indicate a pump problem 
or a clogged stator cooling water filter/strainer. High cooling water temperature at the 
inlet to the generator also implies a stator cooling water system problem. A likely 
source is the stator cooling water coolers not getting enough raw service water for heat 
removal from the stator cooling water. 

Conductor Bar Hose Outlet Temperatures. The stator cooling water outlet 
temperature of the individual conductor bars are also generally maintained below 75°C 
[5]. Again, operating above 90°C will cause a stator bar to overheat and lead to boiling 
in the individual stator bar if the limit is exceeded. Boiling can cause stator bar strand 
rupture and an eventual ground fault. Monitoring of individual stator bar hose outlet 
temperatures is generally done by a thermocouple or RTD in the outlet hose connec¬ 
tion. A problem in the particular bar being monitored is indicative of a localized bar 
problem (see Fig. 5.16). 

High stator bar hose outlet temperatures may be caused by strands plugged with de¬ 
bris and corrosion products, hydrogen gas locking, or collapsed strands from magnetic 
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Fig. 5.16 Conductor bar hose outlet thermocouples. 


“termites” that collapse the hollow strands by magnetic attraction and vibration effects. 
In addition, broken strands or electrical connectors and bar bouncing can cause stator 
bar temperature problems. 

Plugging in a conductor bar is a common problem that can be sensed by hose outlet 
temperature monitoring. It refers to a flow blockage in the stator conductor bars by one 
of the mechanisms above, with the main result likely being overheated bars due to in¬ 
sufficient cooling water flow. 

If the plugging is partial, then stator cooling water flow will continue but not in suf¬ 
ficient quantity to cool the affected stator bar. Therefore, the sensor will pick up the 
higher temperature of the stator cooling water outlet. 

If there is full blockage of coolant flow in a conductor bar for one of the foregoing 
reasons, the condition may also be indicated by a high-slot RTD reading (discussed in 
next section) but a lower stator cooling water outlet temperature. This is due to the 
RTD still reading a high bar temperature while the stator cooling water outlet sensor is 
detecting the temperature of the cooling gas because there is no cooling water outlet 
flow. In addition, the core monitor will sound an alarm if the stator winding insulation 
is burning. To prevent the severe occurrence of the stator cooling water boiling, some 
manufacturers provide an automatic runback scheme that brings the machine to mini¬ 
mum load and avoids overheating. All manufacturers recommend reducing load during 
such a condition. 

Conductor Bar Slot Temperatures. Conductor bar slot temperatures are 
monitored by a TC or RTD embedded between the top and bottom bars in the slot. 
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They are also generally installed toward the coolant outlet end of the generator so that 
the hottest temperatures in the stator winding slots may be observed. 

Well-instrumented generator stator windings employ an RTD or TC embedded be¬ 
tween top and bottom conductor bars in each slot (see Fig. 5.18), and a TC installed on 
the cooling water outlet hose of each individual stator bar, but this is not always the 
case. In some machines, there may be only one or the other or only a percentage of the 
slots containing temperature sensors. 

In the case in which only partial slot temperature monitoring is installed, a high- 
temperature reading caused by blockage in either the top or bottom bar in an unmoni¬ 
tored slot will go undetected. With only hose outlet temperature monitoring of the sta¬ 
tor bar coolant, total flow blockage in a bar can also cause the overheating to go 
undetected. The hose outlet sensor temperature will actually revert to the temperature 
of the hose outlet manifold, which will be at the “bulk” coolant outlet temperature. 
Since there is no flow of cooling water in this particular case, the true temperature of 
the stator bar will be unknown. 

The optimum monitoring situation is where both slot and hose outlet temperature 
monitoring are employed. This allows identification of the affected bar/bars and pro¬ 
vides a positive means to check the actual temperature of each bar. 

In cases in which only one strand in a stator bar is plugged, there may only be a 
minimal effect on the discharge temperature of the stator bar and its performance. As 
more strands become plugged, the partial blockage of the coolant flow in one bar will 
increase and result in a much more identifiable overheating situation. 

Slot temperature monitoring allows detection of overload, loss of cooling, and bro¬ 
ken conductor strands. But it requires all slots to be instrumented if all bars are to be 
monitored. Otherwise, slot temperature monitoring is only partial, and trending be¬ 
comes the useful part of this approach rather than absolute temperature monitoring. 



Fig. 5.17 Slot separator with thermocouple installed. 
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Fig. 5.18 Illustration of a slot RTD installed in separator pad and located in the slot 
between the top and bottom stator bar (from IEEE Standard 67-2005). 


Stator Winding Differentiai Temperature. Stator winding differential tem¬ 
perature refers to the monitoring of the hottest to coldest operational stator winding 
temperatures. It further refers to a condition of temperature imbalance between indi¬ 
vidual stator bars or phases. The condition may be caused by phase imbalance due to a 
system problem, localized bar-to-bar temperature differences, plugging, other flow re¬ 
strictions, and high resistance or broken electrical joints. An attempt is generally made 
to keep the temperature differential to the minimum possible, but it is not uncommon 
for a machine to have an inherent 10°C difference from hottest to coldest bar tempera¬ 
ture. This can be due to differences in the cooling circuit from such things as some bars 
having the phase connectors in series with the stator bar cooling circuit. Slot RTDs 
and/or stator cooling water outlet temperature sensors indicate the condition. 

Another source of temperature differential in stator bars can be between top and 
bottom bars, due to differences in the top and bottom bar sizes and magnetic field from 
the top to the bottom of the slot. 

Also, differences in temperature between Roebel-transposed stacks in double 
Roebel stacked bars may occur within an individual bar due to circulating currents be- 
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tween the two stacks. This, however, causes the overall bar temperature to be higher 
rather than a difference between bars. 

Stator winding differential temperature can also refer to the difference in inlet-to- 
outlet temperature of the stator winding. This should also be within a characteristic 
range for any particular machine. 

The differential temperature across the stator winding, from the stator cooling water 
inlet to the outlet of the generator, can be monitored to ascertain that the design tem¬ 
perature difference across the whole stator winding is at the correct level. Correct dif¬ 
ferential temperature is an indication that the stator cooling water flow rate is adequate 
for cooling of the stator winding as a whole. This type of monitoring is not indicative 
of problems in individual stator conductor bars. 

When the temperature differential is higher than normal, or higher than recom¬ 
mended by the manufacturer, this may indicate a partial blockage somewhere in the 
stator winding or stator cooling water system. To determine the source of partial 
blockage, other testing and monitoring is required to identify the plugging location. 

Stator Cooling Water Inlet Pressure. The stator cooling water inlet pressure 
to the generator is measured by a pressure transmitter in the pipe work on the SCW in¬ 
let side and, generally, is kept at a design level to ensure there is correct cooling water 
flow to the stator winding, but at 5 psi below the hydrogen gas pressure to minimize 
the possibility of water leakage into the generator. 

Stator Winding Differential Pressure. There should be a normal differential 
pressure that exists across the stator winding, during operation, based on design fac¬ 
tors. A higher than normal differential cooling water pressure across the stator winding 
can indicate that there is a cooling water flow problem. This may be due to some form 
of plugging or hydrogen gas locking in the stator cooling water system. 

The differential pressure across the stator winding from inlet water manifold to out¬ 
let water manifold is usually monitored to ensure proper cooling water flow, and main¬ 
tain the correct operating temperature in the stator winding. If the pressure differential 
is much higher than expected, a large general obstruction to the flow of the stator cool¬ 
ing water may be present. If the pressure drop is very low across the generator, this 
may indicate a different problem such as a pump problem, blockage in one of the ex¬ 
ternal system components, or a large leak of stator cooling water out of the external 
system piping before the generator inlet. 

Hydrogen Gas in Stator Cooling Water. On machines with water-cooled 
stator windings, hydrogen leaking into the stator cooling water can occur at fittings 
and joints (from a bad or porous braze), corrosion, cracked strands, and from holes due 
to magnetic termites. Leakage occurs wherever a breach in the stator cooling water 
system occurs inside the machine, because the hydrogen is maintained at a higher pres¬ 
sure than the stator cooling water. Vibration and temperature cycling further aggravate 
leakage. It can also cause high conductivity of the stator cooling water as hydrogen 
contamination increases. Hydrogen gas locking may occur if the leak is large enough, 
which can also lead to bar overheating. 
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Hydrogen gas locking is a condition that may occur if the leakage rate of hydrogen 
into stator cooling water leak is large. Hydrogen gas locking can cause a cooling water 
flow restriction and eventually overheat the affected stator bar. Another form of gas 
locking can occur from gas bubbles if the stator cooling water starts to boil in the bar. 

Some manufacturers employ a counter system to determine the amount of hydrogen 
loss from the stator cooling water system during online operation of the generator. The 
counter is a device used to collect a measured volume of hydrogen gas vented from the 
stator cooling water storage or makeup tank, and then release the collected gas to the 
atmosphere. The number of releases, times the volume of the collection chamber, indi¬ 
cates the leakage rate of the hydrogen into the stator cooling water. 

Other manufacturers employ a leak monitoring system that is automated to collect 
and measure the vented gas in the stator cooling water system. It has a secondary pur¬ 
pose of helping to keep the dissolved oxygen content of the stator’s cooling water at 
the correct level. This is a preferable method to vent line bagging and is similar to the 
vent line counter (see Fig. 3.10 on the gas release alarm tank). 

It should be noted that as the hydrogen leaks into the stator cooling water circuit, 
stator cooling water usually also leaks outward through the leak location because of 
the capillary action of the stator cooling water. In numerous recorded cases, this has re¬ 
sulted in wet stator bar insulation. 

Stator End-Winding Vibration Monitoring. End-winding vibration can 
damage the mechanical integrity of the stator conductor bars and the other stator wind¬ 
ing components that make up the electrical and cooling water delivery portions of the 
total stator winding. End-winding vibration is usually a symptom of loose end-winding 
support structures. Checking and retightening of these support structures is required to 
avoid damage to the stator winding and associated hardware. 

Vibration monitoring may be employed to indicate increasing vibration levels and 
plan outages to make repairs. Damage from vibration can initiate leak problems from 
cracked strands, broken braze joints, and loosening of fittings. There are many differ¬ 
ent end-winding support system designs in operation. Some are designed with the in¬ 
tent that they do not need retightening, but loosening may still occur naturally over 
time due to vibration from the forces induced by the high ac electromagnetic fields in¬ 
side the machine. Other designs are provided with mechanisms for periodic retighten¬ 
ing, and allow for natural loosening. Again, the degree of natural loosening and the 
time it takes depend on the design of the end-winding support system and the dampen¬ 
ing effect of the support system. 

Premature loosening may be enhanced by excessive seal-oil ingress, which will also 
create a greasing effect. Black grease will be seen at ties and blocking interfaces where 
fretting has occurred. System faults will again affect the integrity of the end-winding 
support system due to the high forces induced during such events. 

In stators that are free of oil, looseness may be indicated by numerous paint cracks at 
ties and blocking to winding interfaces. In addition, there may be some white or light 
gray powder from corona discharge at paint cracks, which indicates some looseness. 

In some instances, vibration probes are installed to monitor the online vibration 
characteristics of the stator end winding. Vibration probes are not, however, common 
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instrumentation, and they are not found in the majority of machines in service (see 
Figs. 5.19 and 5.20). 

Measurements are generally done in the tangential, radial, and axial modes. 

Stator Winding Ground Alarm/Trip. Stator winding grounds occur on failure 
of the stator winding ground wall insulation. In the majority of cases, this occurs in the 
stator slots next to the stator iron. In addition to the stator winding conductor bars, the 
phase connectors and terminals are covered by this protection. In fact, this is more a 
protection scheme than a monitoring parameter. 

It is generally used to trip the generator on such an occurrence. (This topic is cov¬ 
ered fully in Chapter 6.) 

Flowever, a ground alarm does not necessarily mean that a winding insulation fail¬ 
ure has occurred. It can be caused by instantaneous overvoltages from either machine 
transients or system spikes, and it only indicates that an event has occurred. Some ba¬ 
sic electrical testing is usually carried out to prove that the ground insulation is still vi¬ 
able, and the unit is returned to service if the tests show that no failure has occurred. 

Stator Winding Partial Discharge Monitoring. Partial discharge (PD) in 
large generators is mostly associated with the high-voltage stator conductor bars. It is 



Fig. 5.19 Stator end-winding vibration-monitoring transducers. 
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Fig. 5.20 Stator end-winding vibration-monitoring transducers. 


the generic term for small electric current pulses flowing from one surface of the gen¬ 
erator stator winding to another, or to another component of the generator, usually the 
stator core. These are not necessarily harmful and are quite normal. Partial discharges 
are also constantly occurring during operation whenever the stator winding is ener¬ 
gized above the discharge inception level. Discharge inception is nothing more than 
the lowest voltage at which continuous partial discharge starts to occur as the applied 
voltage is increased. 

Partial discharge generally occurs across the small airgaps or voids within the main 
stator winding insulation, and this is referred to as an “internal” type of discharge. Par¬ 
tial discharge can also take place on the outer surface of the stator bar insulation pro¬ 
truding from the end of the stator core slot into the end-winding region, and this is gen¬ 
erally referred to as “end-winding” discharge. 

The above terms are general in nature and can be broken down even further to de¬ 
scribe the different types of discharge within these designations. 

Partial discharge that takes place between the surface of the insulation in the stator 
slot and the slot wall and/or the semiconducting coating (corona-protection layer) is 
generally referred to as slot discharge. This type of discharge can be very destructive 
to the stator winding groundwall insulation and is highly dependent on design, manu¬ 
facturing and assembly issues, in order that the insulation system will maintain its in¬ 
tegrity for reliability and long service life. The copper conductors within the stator bars 
must be completely electrically insulated from the stator core to prevent destructive 
discharge currents flowing to ground. Therefore, the bars should be installed in the 
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slots such that each bar cannot move in its slot and maintains good and continuous 
electrical contact with the walls of the stator slot, between the top and bottom bars in 
the slot, and between the bottom bar and the slot bottom. On a high-voltage stator bar, 
if there is a gap of a critical size between the stator bar and the slot wall, a charge will 
build up and eventually discharge across the gap to the stator core. This is extremely 
damaging to the groundwall insulation of the bar. 

To avoid such gaps, good surface contact between the stator bars and the stator core 
must be maintained, and a semiconducting coating is used for corona or discharge sup¬ 
pression. It is usually made of graphite or carbon-loaded varnish, and applied in paint 
form or within the stator bar armor tape. Also, the semiconducting or corona-protec¬ 
tion layer must be of the proper resistance value (typically 500 to 15,000 ohms per 
square) and applied correctly. If done correctly, this semiconducting layer will main¬ 
tain the necessary contact between the surface of the stator bar and the core, and pre¬ 
vent damage to the insulation caused by electrical effects. 

Restricting bar movement in the slot and proper application of the semiconducting 
material is critical for good contact and minimizing any gaps that may occur. Howev¬ 
er, when discharge does occur because one of these has gotten out of control, the 
mechanism is well known as slot discharge and is also of a capacitive nature. It may be 
recognized by the typical white residue produced. 

In the capacitive type of slot discharge, as the semiconductive coating is eroded 
away, the bar surface resistance increases and the effect simply multiplies. Eventually, 
the groundwall insulation is electrically pitted and itself erodes away until there is not 
enough groundwall insulation left to hold the stator voltage, and a ground fault will oc¬ 
cur (see Fig. 5.21). This semiconducting layer is extremely important in controlling the 
capacitive effects of slot discharge by ensuring that the resistance between the bar and 
the stator core is low enough not to allow voltage build up that will promote discharge. 
If the semiconducting layer is removed, for whatever reason, the resistance between 
the bar and core surface can get too high and capacitive effects will overtake. 

Sometimes, however, there is slot discharge that originates internally in the stator 
bar groundwall insulation by delamination of the insulation material or by separation 
of the groundwall from the copper conductors. Even though the bars may be tight in 
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Fig. 5.21 Slot discharge from loss of the semiconducting coating or corona-protec¬ 
tion layer, capacitive type discharge. (Courtesy of Alstom Power Inc.) 
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the slots and the semiconducting coating is intact, voltage breakdown occurs inside the 
bar insulation and damaging discharge currents result. Therefore, capacitive slot dis¬ 
charge can be broken down even further to surface discharge, internal voids and de¬ 
lamination, and groundwall separation from the copper (see Fig. 5.22), and each of 
these shows up as a different characteristic of the partial discharge measurements. This 
will be discussed a little further on in this section under online measurement tech¬ 
niques. 

A second form of slot discharge can occur due to the interruption of currents flow¬ 
ing in the corona-protection coating due to movement of the stator bar relative to the 
slot wall (see Fig. 5.23). This is called bar bouncing (see Section 2.8 for determination 
of bar bouncing forces in the stator winding). During operation, a voltage is induced 
along the length of the stator bar by the alternating magnetic fields linking the stator 
core. This voltage produces a small axial current in the corona-protection coating that 
flows from one contact with the slot wall to another via the coating. If one of the con¬ 
tacts opens to interrupt the current, then, depending on the distance between contacts 
and the magnitude of current in the bar, there is a risk of partial discharge. This type of 
slot discharge may be referred to as inductive slot discharge since it arises from the in¬ 
ductive voltage along the stator core. 

The key factors for inductive discharge are the magnitude of the bar movement or 
vibration in the slot, the distance between the points of contact between the bar and the 
core for current to flow, and the resistance of the semiconducting coating. 

Bar movement must be lateral and of significant magnitude to make and break elec¬ 
trical contact between the semiconducting coating on the surface of the bar and the sta¬ 
tor core slot wall. The effect of the bar movement is to create a spark gap and is, there¬ 
fore, sometimes also called vibration sparking. 

Once the spark is initiated, the distance over which the current travels between the 
fixed and intermittent contact points becomes important in terms of the resistance of 
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Fig. 5.22 Internal discharges from surface discharge to the core, insulation voids or 
delamination in the main groundwall insulation, and separation of the groundwall from 
the copper. (Courtesy of Alstom Power Inc.) 
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Fig. 5.23 Slot discharges from bar bouncing, inductive type. (Courtesy of Alstom 
Power Inc.) 


the conduction path and the driving voltage behind the discharge. The discharge be¬ 
comes more intense and, hence, is more destructive in nature as the resistance becomes 
lower, and as the voltage becomes higher over a longer conduction path. 

The resistance of the semiconducting coating has a lower limit (usually 500 ohms) 
for precisely the purpose of limiting the amount of induced current that can flow along 
the bar surface as this vibration sparking effect occurs. It is, therefore, easy to see that 
if good electrical contact can be maintained between the semiconducting layer and the 
stator slot walls, the current will be harmlessly dissipated by eliminating the source of 
sparking. 

If there is relative movement between the bar and the stator slot wall due to such 
things as bar bouncing and vibration then, as the bar separates from the stator slot wall, 
an intense spark will be produced, which is damaging to both the outer corona-protec¬ 
tion layer and the insulation on the surface of the bar. The sparking bums away the 
outer corona-protection layer and the epoxy resin, leaving a carbonized residue and 
damaging the mica in the groundwall insulation. Carbon is conductive, so the residue 
lowers the resistance level even further, and the rate of damage increases. As this in¬ 
ductive discharge continues, the danger of finally eroding the semiconducting coating 
away to produce a surface resistance that is too high becomes likely. The result can be 
that the inductive discharge now becomes capacitive in nature, as described above. 
The end result is the same, in that the stator bar is prone to a groundwall failure. 

So far, we have discussed slot discharge in some detail, but there is also end-wind¬ 
ing discharge to consider as it can also cause severe damage to the insulation system 
and, at worst, a phase-to-phase flashover under extreme circumstances. 

One of the main locations of end-winding partial discharge is at the stress-control 
voltage-grading coating at the slot exit. Some of the reasons for end-winding discharge 
are defects such as electric stress concentrations at the interface between the semicon¬ 
ducting slot coating and the stress-control coating, localized mechanical damage on 
the bar surface, or improper application of the stress-control coating (see Fig. 5.24). 

End-winding discharge may also occur further out in the stator end winding, past 
the stator slot exit, due to chemical contamination, loose conductive particles, vibra¬ 
tion, mechanical damage, relative movement of end-winding components, and insuffi- 
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cient spacing between conductor bar involutes in the end winding (see Fig. 5.24). 
When the discharge is even further out into the phase connections or stator terminals, 
those components are also susceptible to the above mechanisms. 

All of the above-mentioned discharge mechanisms in the end winding require a 
voltage difference from one location to the other in order for discharge currents to flow 
along the surface of the bars and across end-winding blockings and ties. Normally, the 
voltage differences are controlled by the stress-grading coatings, groundwall insula¬ 
tion, and adherence to proper clearances and cleanliness. When there are problems 
with any of the above issues, severe discharge currents can flow and cause insulation 
burning and eventual failure. One of the worst cases is when there is discharge be¬ 
tween phases, since the voltage difference is large and the fault current is severe when 
a full breakdown occurs. 

All the mechanisms that promote partial discharge create areas of voltage stress 
where electrical charges build up and discharge. The result is possible damage to the 
voltage grading systems on the bars, the inter-strand insulation, or the ground-wall in¬ 
sulation. 

A failure of the stator winding insulation is costly to fix, in terms of both the capital 
cost to repair or replace a stator bar and the outage time required to complete the work. 
Therefore, much effort has been invested over the years in developing techniques to 
identify the occurrence of PD in the stator winding. 

Discharge activity in the stator winding can be measured during an overhaul by 
energizing the winding with an ac test transformer and checking for the presence of 
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Fig. 5.24 This illustration shows the various locations for surface discharges in the 
end winding. (Courtesy of Alstom Power Inc.) 
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the high-frequency currents induced by partial discharge activity. However, although 
offline testing shows the relative magnitude of partial discharge activity, it is often 
difficult to identify the cause of any increase in measured levels. Further, offline tests 
will not readily detect inductive slot discharge since there are no significant electro¬ 
magnetic or mechanical forces to drive lateral vibration of the bar in the slot. Offline 
tests are useful, however, in detecting capacitive slot discharge where there is dam¬ 
age to the corona-protection coating, and in detecting some forms of end-winding 
discharge activity. Basically, the methods for offline detection of PD do not cover the 
operating effects that also promote PD activity, such as those due to thermal and vi¬ 
bration effects. 

To provide the best PD detection, an online method of monitoring is required. Dis¬ 
charge activity in the stator winding can be measured during normal operation (online 
monitoring) by detecting the high-frequency currents and/or voltages at the connec¬ 
tions to the stator terminals, as well as by other means. However, since the generator is 
ultimately connected to the power system through an isolated phase bus and by excita¬ 
tion systems, and so on, partial discharge measurements are subject to interference 
from these types of sources external to the stator winding. Various analytical methods 
and procedures have been developed to try to isolate partial discharge arising in the 
stator winding and to identify the cause(s) of changes in the levels of activity, as well 
as to overcome interference signals from external sources. These procedures are more 
or less successful depending on the design of the stator winding, the magnitude of par¬ 
tial discharge activity, and the relative level of external interference. Unfortunately, 
there is no technology to date that can interpret the wide variety of partial discharge 
patterns and make a definitive diagnosis of the exact location of the discharge and the 
root cause. Some types of discharge do produce easily recognizable patterns, but often 
there are a number of mechanisms in play that cause multiple patterns to be observed 
simultaneously. This type of situation makes interpretation complicated and not al¬ 
ways fully reliable. Regardless, there are a number of approaches to online PD moni¬ 
toring, and all are considered viable methods. The following methods are some of 
those more commonly used for large turbo-generators. 

Radio-Frequency Monitoring. Radio-frequency (RF) monitoring is a tech¬ 
nique for detecting electrical sparking and arcing or stator winding PD inside the 
generator. It operates on the premise that arcing in the stator winding will cause ra¬ 
dio-frequency currents to flow in the neutral of the winding. The types of stator 
winding problems or failure mechanisms that will cause these RF currents to flow are 
conductor bar strand cracking, electrical joint failure, and partial discharges due to 
insulation problems. 

To monitor these currents, a high-frequency current transformer (CT) is placed 
around the neutral grounding lead, before the neutral grounding transformer, as shown 
in Figure 5.25. 

The output of the CT is fed to a radio-frequency monitor for signal processing and 
analysis. The signals from the CT are filtered to examine those that are in the correct 
frequency range for radio-frequency arcing. The monitor generally has a set-point or 
an alarm limit that is adjusted to a predetermined level for which the RF activity is 
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Fig. 5.25 Radio-frequency monitoring. 


known to be excessive. When the level of RF activity increases to where the set-point 
is reached, the operator is notified of an RF problem in the generator. 

It is difficult, however, to distinguish between the sources of RF arcing, and it is not 
always possible to identify the root cause. In most cases, one can only say that arcing is 
occurring and at a certain level. In addition, filtering does not completely eliminate 
noise. Therefore, this also becomes a problem in signal discrimination. This is espe¬ 
cially true for large turbo-generators in which the noise generated from the slip 
rings/brush gear and the shaft grounding brushes is considerable. In recent years, how¬ 
ever, advances in computer and software analysis have allowed better discrimination 
between RF signals that are actually PD and those that are noise or from another 
source. 

Capacitive Coupling. Capacitive coupling has been in use since the early 1950s 
and was developed as an alternative to RF monitoring [4,5,6]. In contrast to RF moni¬ 
toring, in which detection of PD is at the generator neutral, capacitive coupling is done 
at the line ends of the generator winding, meaning at the output of each of the phases. 
The improvement is that PD can be detected on a per-phase basis. 

To measure the PD activity on each phase, a tuned capacitor or “capacitive coupler” 
is connected to each of the generator terminals. The couplers are then connected to an 
RC band-pass filter for which the output is a signal containing the high-frequency PD 
pulses. The PD pulses are displayed on a high-speed oscilloscope, where they can be 
categorized (i.e., negative and positive PD pulses) and quantified (i.e., the magnitudes 
of the negative and positive PD pulses) by a technician with sufficient skill. Although 
capacitive coupling has proved to be instrumental in online detection of PD, it does re¬ 
quire a great deal of experience in distinguishing the PD pulses from noise in the gen¬ 
erator and from the system (see Figs. 5.26 and 5.27). One disadvantage of this test. 
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Fig. 5.26 Capacitive coupling. 


however, is that the capacitive couplers are generally temporary on steam-turbine gen¬ 
erators and require live-line installation—a very dangerous procedure with risk to the 
test technician. 

Once the couplers are installed, three tests are generally done to further identify the 
type of PD activity occurring. The first is done offline but with the generator on open 
circuit at rated terminal voltage. The second is done with the generator online at low 
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Fig. 5.27 Capacitive coupling signals. 
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load, and the third, also online, at high load. Measurements are taken on each phase for 
each of the three conditions. 

The loading on the generator is varied to provide distinction between the types of 
PD activity present. Since temperature and vibration have significant effect on the lev¬ 
el of PD activity, changing the loading conditions will cause variations in terminal 
voltage and stator current. Hence, there will be variation in winding temperature and 
stator bar bounce forces or bar vibration. 

Since positive PD is associated with surface discharges, one could conclude, for in¬ 
stance, that if the magnitude of the measured positive PD pulses increased with load 
and there were no increases in the magnitude of the negative PD pulses, then there may 
be slot discharge activity caused by loose stator wedges. Similarly, if there is equal 
positive and negative PD activity one could conclude that there is discharge in the bulk 
of the groundwall insulation, and so forth. 

In addition, efforts to verify the source of the PD pulses from the generator or from 
the external system or isolated phase bus (IPB) have also been attempted using two ca¬ 
pacitive couplers per phase installed on the IPB, where they can be separated by a 
number of feet. When a PD pulse is measured on both couplers, its direction may be 
determined by which coupler is the first to see the pulse. Therefore, if the coupler far¬ 
thest from the generator picks up the PD pulse first, then its direction is toward the 
generator, and vice versa. If the coupler closest to the generator is the first to see the 
pulse, then it had to come from the generator. There has been some success made in 
the directional capability of capacitive coupling, but again, noise is a problem and of¬ 
ten masks the true PD being measured. 

Interpretation of PD measurements is not an exact science. It requires a great deal of 
knowledge on the subject to determine the type of PD activity that a particular machine 
may be experiencing [9]. See Figures 5.28-5.31 for examples of PD readings obtained 
by capacitive coupling. 

Stator Slot Coupler. The stator slot coupler (SSC) is basically a tuned antenna 
with two ports (see Fig. 5.32). The antenna is approximately 18 inches long and is em¬ 
bedded in an epoxy/glass laminate with no conducting surfaces exposed. SSCs are in¬ 
stalled under the stator wedges at the line ends of the stator winding, such that the 
highest voltage bars are monitored for best PD detection. Since the SSC is also in¬ 
stalled lengthwise in the slot at the core end, its two-port characteristic gives it inherent 
directional capability [4,5,6]. 

The problem of noise is virtually eliminated in the SSC. Although the SSC has a 
very wide frequency response characteristic that allows it to see almost any signal pre¬ 
sent in the slot in which it is installed, it also has the characteristic of showing the true 
pulse shape of these signals. This gives it a distinct advantage over other methods that 
cannot capture the actual nature of the PD pulses. Since PD pulses occur in the 1-5 
nanosecond range, and are very distinguishable with the SSC, the level of PD activity 
can be more closely defined. 

In addition, dedicated monitoring devices have been devised to measure the PD 
activity detected in the SSC. The capability for PD detection using the SSC and its 
associated monitoring interface is enhanced to include measurement in terms of the 
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Fig. 5.28 Capacitive coupling, slot discharge patterns. (Courtesy of Alstom Power 
Inc.) 


positive and negative characteristic of the pulses, the number of the pulses, the mag¬ 
nitude of the pulses, the phase relation of the pulses, and the direction of the pulses 
(i.e., from the slot, from the end winding, or actually under the SSC itself at the end 
of the slot). 

The other advantage of the SSC is that once it is installed, measurements may be 
taken at any time without the need for exposing live portions of the generator bus work 
to make connections (see Figures 5.33-36). 


5.5.4 Rotor 

The rotor has minimal instrumentation due to its dynamic nature. It is a rotating com¬ 
ponent and it is not possible to attach instruments unless they can transmit information 
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by radio transmission. Regardless, there are numerous ways to monitor the perfor¬ 
mance of the rotor indirectly. Rotor shaft unbalance, loose rotor parts, and loose retain¬ 
ing rings may show up as increased rotor vibration (amplitude or orbit changes). De¬ 
graded blower-blade performance may be detected as loss of acceptable differential 
fan pressure. Parameters that may be monitored include vibration, field current, field 
voltage, and vibration for both the exciter and main fields. Electromagnetic character¬ 
istics of the rotor can also be used to look for winding problems in the form of shorted 
turns. 

Rotor Winding Temperature. Rotor winding temperature is generally mea- 



Fig. 5.29 Capacitive coupling, end-winding discharge patterns. (Courtesy of Alstom 
Power Inc.) 
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sured as a function of the winding resistance. This produces the average temperature of 
the winding but does not indicate the temperature of the hottest part of the winding. 
Locating the hot spot in the rotor winding will be dependent on knowledge of the rotor 
winding cooling circuit. Generally, the manufacturer can provide a profile of the tem¬ 
perature distribution across the axial length of the rotor winding. The difference be¬ 
tween the hot-spot and average winding temperatures produces a multiplier factor for 
calculation of the hot spot. The multiplier factor is determined as shown in Figure 
5.37. 

With the hot-spot multiplier known, the rotor-winding hot-spot temperature can be 
calculated for any load and cold operating gas temperature as follows: 

^hs ^ (^ave “ ^H2Cold) ^ M + TH2cold 

where 

T’ave = ^ave/^ref {K + - K (IEEE 115) [ 10] 

■^ave ^ Vfllf, calculated average winding resistance from measured field voltage Ff 
and field current If 

^ winding resistance measured in factory by manufacturer at known reference 
temperature T^^f 

K = 234.5 (copper constant) 

7H2coid ^ measured value of the cold hydrogen gas temperature 

M = 7hs/71j^e, hot-spot multiplier from manufacturer winding temperature profile 
data 

The rotor winding temperature will vary with field current, hydrogen gas tempera¬ 
ture, and pressure. Rotor winding high temperatures generally occur as a result of 
overloading or undercooling. They are caused mainly by excessive field current in the 
online mode, low hydrogen gas pressure, high hydrogen cold gas temperature, or ven¬ 
tilation problems in the rotor that block the hydrogen cooling gas from flowing to part 
of the winding. Excessive rotor winding temperature will cause deterioration of the ro¬ 
tor winding intertum and groundwall insulation. Advanced effects of the rotor winding 
exceeding its temperature limit may be overheating or burning of the insulation or a ro¬ 
tor thermal unbalance. 

Reducing field current to remove the energy input to the rotor winding will allow 
the winding temperature to come down to a tolerable level and stabilize. Failure of the 
intertum insulation will cause rotor winding shorted turns. Failure of the groundwall or 
slot-liner insulation will cause rotor grounds. The retaining ring is also insulated from 
the rotor winding and will be affected by high winding temperatures. 

Failure of the retaining-ring insulation also constitutes a rotor winding ground. 

Rotor Winding Ground Alarm. Rotor winding grounds are actually a leakage 
of field current to ground. As previously stated, grounds can occur through or over the 
slot liner and the retaining-ring insulation. In addition, grounds can occur to the rotor 
forging through the insulation systems of the sliprings, the radial studs, the up-shaft 




Fig. 5.30 Capacitive coupling, slot discharge example. (See color insert.) 
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Fig. 5.31 Capacitive coupling, end-winding discharge example, no particular pattern. 
There is considerable discharge due to a number of mechanisms going on at the same 
time in this example. (See color insert.) 
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Fig. 5.32 Stator slot coupler plan view. 






















Fig. 5.33 Stator slot coupler end view. 
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Fig. 5.35 Installed stator slot coupler, another type of stator. 


leads or bore copper conductors, and the rotor winding main leads. Grounds can also 
occur external to the rotor itself, out in the excitation system. 

Rotor winding ground protection is applied to the generators to provide warning of 
a ground. The rotor winding ground alarm is almost always connected as an alarm and 
not an actual generator trip. It is left up to the operator or suitable authority to decide 
whether the unit should be taken offline. 

Although it is common for utilities to operate with a single rotor ground for short 
periods of time until a convenient outage, this practice has a high degree of inherent 
risk. Should a second ground occur anywhere on the rotor, very high currents will cir¬ 
culate through the two ground points, creating overheating in the affected rotor com¬ 
ponents. The overheating effect is extremely serious and damaging to the machine. A 
double rotor ground can cause a catastrophic rotor failure. (More about this topic in 
Chapter 6.) 

The discussion so far has basically been about rotor ground monitoring as a “pro¬ 
tection” device, but there is also now a device that will provide on- and offline detec¬ 
tion of rotor grounds, called a “rotor earth fault resistance monitor” (see Fig. 5.38 and 
Fig. 5.39). Combining rotor telemetry technology and rotor ground fault measurement 
techniques, a method of determining the actual ground resistance has been developed. 
By knowing the actual ground resistance, the progression of any developing fault can 
be trended and alarm limits set up for operator response. This device further provides 
fault location diagnostics and allows monitoring of brushless-excitation machines as 
well. 


Rotor-Winding Shorted Turns Detection. Shorted turns in rotor windings 
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Fig. 5.36 Stator slot coupler, classical slot discharge pattern seen in measurements. 


are associated with tum-to-tum shorts on the copper winding as opposed to tum-to- 
ground faults. Rotor winding shorted turns, or intertum shorts, can occur from an elec¬ 
trical breakdown of the intertum insulation, mechanical damage to the intertum insula¬ 
tion allowing adjacent tum-to-tum contact, or contamination in the slot, which allows 
leakage currents between turns. 

When shorted turns occur, the total ampere-turns produced by the rotor are reduced 
since the effective number of turns has been reduced by the number of turns shorted. 
The result is an increase in required field current input to the rotor to maintain the same 
load point and an increase in rotor-winding temperature. 

At the location of the short, there is a high probability of localized heating of the 
copper winding and arcing damage to the insulation between the turns. This type of 













lTURERISE (°C) 


5.5 MONITORED PARAMETERS 


301 



ROTOR CENTER LINE 


ROTOR BODY END 


AXIAL LENGTH (HALF ROTOR) 


Fig. 5.37 Rotor hot-spot profile. 


Fig. 5.38 Rotor earth fault resistance monitor, installed at the shaft end. (Courtesy of 
Accumetrics Associates Inc.) 
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Fig. 5.39 Rotor earth fault resistance monitor, installed as a shaft collar. (Courtesy of 
Accumetrics Associates Inc.) 


damage can propagate and worsen the fault such that more turns are affected, or the 
ground-wall insulation becomes damaged and a rotor-winding ground occurs. 

One of the most noticeable effects of shorted turns might be increased rotor vibra¬ 
tion due to thermal effects. When a short on one pole of the rotor occurs, a condition of 
unequal heating in the rotor winding will exist between poles. The unequal heating 
will cause bowing of the rotor and, hence, vibration. The extent and location of the 
shorted turns and the heating produced will govern the magnitude of the vibrations 
produced. 

Off-line methods for detecting shorted turns include winding impedance measure¬ 
ments as the rotor speed is varied from zero to rated speed, and RSO (recurrent surge 
oscillograph) tests based on the principle of time domain reflectometery. In addition, 
a short of significant magnitude may be identified by producing an open-circuit sat¬ 
uration curve and comparing it to the factory open-circuit saturation curve. If the 
field current producing the required rated terminal voltage has increased from the 
original design curve, then a short is likely to be present. The number of shorted 
turns may be identified by the ratio of the new field-current value over the design 
field-current value. 

All these methods of identifying shorted turns are prone to error and only indicate 
that a short exists. They do little to help locate which slot the short is in and require 
special conditions for collecting data or for testing. To better identify shorted turns, 
and to employ a method that works online, the shorted turns detector (STD) (also 
called rotor flux monitor or RFM) search coil method has been perfected. Each man¬ 
ufacturer has its own version of the STD, but all work essentially in the same man¬ 
ner. 

The STD is actually a search coil (see Fig. 5.40) mounted on the stator core by var¬ 
ious methods but located strategically in the airgap. The search coil looks at the varia¬ 
tion in magnetic field produced in the airgap by the rotor as it spins. The energized ro- 
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tor winding and the slotted effect of the winding arc cause a sinusoidal-like signal to be 
produced at the winding face from the winding slot leakage field of the rotor. The pole 
face, on the other hand, has no winding, and the signal is more flat since the variation 
in magnetic field is minimal. 

The magnitude of the sinusoidal peaks in the winding face is dependent on the am¬ 
pere-turns produced by the winding in the various slots. If there is a short in a slot, the 
peak of the signal for that affected slot, or amount of leakage flux, will be reduced (see 
Figs. 5.41 and 5.42). The amount of reduction will be dependent on the magnitude of 
the short. Therefore, by knowing which slot the short is in, an estimate of the number 
of shorted turns can be made fairly accurately (see Fig. 5.43). 

Problems in saturation effects at full load can occur during the data analysis. Most 
manufacturers now have a dedicated monitor connected to the STD to automate the 
analysis process. This allows the STD and monitor to act as stand-alone sensor to 
alarm when a short turn is detected and notify the operator for investigation. 

Because of the interference of the main magnetic field with the measurement of the 
rotor cross-slot or leakage flux for shorted turns detection, it is required to adjust the 
rotor load angle to the point of minimum interference; this is called the zero crossing 
flux density or ZCFD (see Fig. 5.44). This is merely the center of the stator and rotor 
main field interaction, where the flux goes from positive to negative and vice versa. At 
this point, there is the least amount of interference with the leakage field of the rotor 
slots. Generally, as an online monitoring system, the rotor angle adjustment is not done 
because the system demands on the unit do not usually allow significant changes to 
test all ZCFD points for all slots. A preplanned test is usually required to accomplish 
this, and so it will be discussed further on in Chapter 11, Section 11.7.12. 



Fig. 5.40 Installed flux probe. 




Leakage Flux Relative Density Magnitude 


304 


MONITORING AND DIAGNOSTICS 



Fig. 5.41 Leakage flux pattern. (Courtesy of GeneratorTech.) 



Time (mSec) - (over 1 revolution) 

Fig. 5.42 Shorted turns plot. Shorted turn indicated on coil 3 of pole 1. 
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Fig. 5.43 Shorted turns. Pole 2 inverted and superimposed on pole 1 to show the 
magnitude of the short on coil 3 of pole 1. 


Shaft Speed. Shaft speed refers to the shaft’s rotational speed. In North Ameri¬ 
ca, this is 3600 rpm for two-pole generators and 1800 rpm for four-pole generators. 
For both two- and four-pole machines, this translates to 60 Hz operation of the genera¬ 
tor. For 50 Hz systems, the respective two- and four-pole speeds are 3000 rpm and 
1500 rpm. 

The speed is generally measured by a probe mounted next to the rotor, looking at a 
toothed wheel or key phasor on the rotor shaft. The speed signal is used for monitor¬ 
ing, but the frequency of the generator is usually taken from the electrical output of the 
generator in Hz. 

Shaft speed monitoring is particularly useful when looking at the vibration profile of 
the rotor during run-up and run-down, when the generator goes through its first and sec¬ 
ond critical speeds. Shifts in critical speeds during run-up/run-down can be an indicator 
of a change in shaft stifftiess due to some problem within the rotor, such as a cracked shaft. 

Rotor Vibration. Rotor vibration refers to vibration monitoring on the shaft and 
the bearings. Shaft vibration is the movement of the shaft in relation to the bearing 
mounts or generator footing, where the vibration probe is normally mounted. Bearing 
vibration is the movement of the bearings relative to the generator footing. 
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Load Angle 



Fig. 5.44 Zero crossing flux density (ZCFD) location in the main magnetic field be¬ 
tween stator and rotor. The ZCFD location changes with rotor angle. 


Normally, vibration is measured in units of displacement (i.e., thousandths of an 
inch or micrometers, peak to peak on the displacement signal obtained). Vibration also 
can be measured as velocity or acceleration. By a simple calculation, these two can be 
converted to displacement. 

All generators operate under strict bearing and shaft vibration guidelines and limits 
usually set down by the manufacturer, but these are often modified by the experienced 
operator. 

High rotor vibrations can damage the rotor or one of its components, such as the 
bearings, hydrogen seals, or slip rings. High rotor vibration is caused by a number of 
mechanical or thermal imbalance problems. 

Rotor mechanical imbalance is caused by conditions such as loss of a balance 
weight, oil whirl, bearing loading, coupling alignment, misaligned retaining rings, hy¬ 
drogen seal or oil wiper rubs, foundation resonance, a general rotor structural compo¬ 
nent problem, cracked forging, shorted turns, and thermal effects. The level of severity 
is usually determined by the magnitude of vibration present, and may require an out¬ 
age to correct the source of the vibration or to apply balancing weights to offset the im¬ 
balance. For mechanical vibration problems, vibration levels generally remain con¬ 
stant regardless of field-current changes but will vary with the shaft rotational speed 
and, possibly, load. 
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Rotor thermal imbalance is a condition in which there is uneven heating in the ro¬ 
tor shaft due to a number of possible influences, with the resulting effect being high 
rotor vibration. Some of the possible causes are rotor shorted turns, negative-se¬ 
quence heating, or blocked rotor-winding ventilation ducts. Vibrations due to thermal 
imbalance are usually load dependent; that is, vibrations increase with increases in 
field current. 

Bearing and shaft vibration on both ends of the generator may be monitored to de¬ 
tect any or all of the above abnormalities in terms of the magnitude, phase, and fre¬ 
quency of the vibration at variable load conditions. A frequency analysis can also be 
applied for detailed analysis of the vibration pattern. Seismic and proximity vibration 
sensors, usually two sets 90 degrees apart, at each bearing are used for monitoring. The 
amplitude of the vibration may be monitored by either a shaft-riding accelerometer, 
bearing-housing-mounted accelerometer, proximity detector, or by velocity detecting 
sensors (see Figs. 5.45 and 5.46). 

Torsional Vibration Monitoring. The torsional monitor is a device or system 
used to monitor the occurrence of shaft torques, particularly those of a severe nature 
that can affect the remaining life of the turbo-generator shaft. By measuring the perti¬ 
nent parameters and entering all the event information into a model of the turbo-gener¬ 
ator shaft, the loss of life of the shaft can be calculated. 

Torsional events are generally caused by severe system disturbances or power sys- 



Fig. 5.45 Bearing X-Y proximity, vibration probe. 
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Fig. 5.46 Shaft vibration proximity probe. 


tern resonant frequencies that are inadvertently stimulated. These cause the turbo-gen¬ 
erator shaft to respond by oscillating subsynchronously on top of the shaft operating 
speed. The effect is to cause excessive oscillating torque in the shaft. If not dampened, 
the oscillation will eventually run away and cause failure of the shaft. As oscillations 
are damped, they decay to zero. Excess torsional stress on the turbo-generator shaft 
can lead to loss of life, so it needs to be accounted for. The torsional monitor is a mon¬ 
itoring device used for this purpose. 

The parameters required to be measured are stator current, terminal voltage, and 
shaft speed. A power system stabilizer is used for feedback into the control system, 
and it helps dampen the oscillations that may be stimulated during system events. 

Shaft Voltage and Current Monitoring. During operation, voltages build on 
the generator rotor shaft. The sources of shaft voltage have been identified as voltage 
from the excitation system due to unbalanced capacitive coupling, electrostatic voltage 
from the turbine due to charged water droplets impacting the blades, asymmetric volt¬ 
age from unsymmetrical stator core stacking, and homopolar voltage from shaft mag¬ 
netization. If the shaft voltage is not drained to ground, it will rise and break down the 
various oil films at the bearings, hydrogen seals, turning gear, thrust bearing, and so 
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on. The result will be current discharges and electrical pitting of the critical running 
surfaces of these components. Mechanical failure could follow. 

Inadequate grounding of the rotor shaft will allow these voltages to further build up 
on the rotor shaft of the generator. Inadequate grounding may be due to a problem with 
the shaft grounding brushes from wear (requiring replacement brushes), or a problem 
with the associated shaft grounding circuitry if a monitoring circuit is provided. 

In addition to the shaft voltages on the shaft, circulating currents can also flow in 
the rotor from some of the above-mentioned influences and damage components like 
Hj seals and bearings. Therefore, they are insulated to resist this as well as discharge to 
ground. 

High shaft voltages are caused by severe local core faults of large magnitude, which 
impress voltages back on the shaft from long shorts across the core. Protection against 
shaft voltage buildup and current discharges is provided in the form of a shaft-ground¬ 
ing device, generally located on the turbine end of the generator rotor shaft. The 
grounding device consists of a carbon brush(es) or copper braid(s), with one end riding 
on the rotor shaft and the other connected to ground (see Fig. 5.47). 

Shaft voltage and current monitoring schemes are provided, in many cases, to de¬ 
tect the actual shaft voltage level and current flow through the shaft grounding brush¬ 
es. This has the advantage of providing warning when the shaft-grounding system is 
no longer functioning properly and requires maintenance. There are numerous moni¬ 
toring schemes available, and most manufacturers provide their own system with the 
turbo-generator sets they market. For older machines with only grounding and no 
monitoring, a monitoring system can usually be retrofited to the existing ground brush¬ 
es. Figure 5.48 is an example of a simple shaft-grounding circuit that can be retrofited 



Fig. 5.47 Shaft grounding brushes. 
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to a generator, provided there are dual shaft-grounding brushes. The circuit is tunable 
to match the characteristics of the generator shaft-grounding system and the existing 
level of operating shaft voltage. However, the manufacturer should be consulted when 
upgrading the shaft monitoring or attempting to adapt such circuits as in the example 
given in Figure 5.48. (See also Chapter 6 for a discussion of this topic in terms of gen¬ 
erator protection.) 

In the circuit of the example shaft-grounding system in Figure 5.48, two brushes are 
used so that they may be connected in series through the transformer and the rotor 
shaft. The transformer is used to drop the voltage down and apply a constant potential 
of 4 volts ac across the brushes. In this way, if there is a problem with the contact of 
the either of the brushes on the rotor shaft, the circuit will be broken and a drop in cur¬ 
rent through the CT will be picked up to bring in the brush problem alarm. The com¬ 
ponents are chosen such that they can handle up to 2 amperes flowing in the circuit un¬ 
der all conditions. When a problem with the brushes does occur, the drop in current 
can be monitored by a small current meter while it triggers the relay to tell the operator 
that there is a problem with the grounding circuit. It may simply be that the brushes are 
worn out, fouled, or hung up, and require maintenance or replacement. This is why the 
circuit is designed as active, so that there is constant monitoring. 



Fig. 5.48 Example of an active shaft-grounding system. 
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The actual grounding of the shaft is done by both brushes through the center tap 
of the transformer and a resistor, Rg (see Fig. 5.48), to ground. From the circuit, it 
can be seen that even if one brush is not working, the other will still ground the shaft 
through the center tap of the transformer and keep the shaft ground alarm operable. 
The variable resistor, Rv, and the ground resistor, Rg, are used to tune the circuit 
such that a consistent drain current is present for monitoring purposes and so both 
brushes can respond to the shaft ground alarm. The resistor, Rg, must be low enough 
in value so that the grounding circuit does its job and shaft currents can actually 
drain to ground under normal operating conditions, but it must also have some im¬ 
pedance to help limit currents through the failed component during shaft-ground 
events. If a ground occurs anywhere on the shaft, current will flow through Rg and 
the shaft-grounding brushes to complete the circuit. This will trigger the shaft ground 
alarm by a voltage drop across the resistor Rg, which is sensed by the relay attached. 
It is possible that if a suitable relay were found, it could suffice as both the drain re¬ 
sistor Rg and the relay. 

Note that these voltage and current values are not necessarily the ones that should 
be used on every machine. These are the values that work on one particular group of 
machines with a characteristic shaft voltage between 10 and 20 volts. The basic sizing 
of the components shown should work for most machines, but tuning is required to 
make the circuit work properly. In addition, the grounding brushes associated with 
these values are a carbon/copper composite. Adjustments also have to be made when a 
different brush material is used, due to the different resistance of the brush material. In 
addition, the circuit depends on the type of relays and components available. This is a 
basic design that works but needs to be specifically applied to every different machine. 
Therefore, it requires some testing and experimentation to make it work on any partic¬ 
ular machine. 

Bearing Metal Temperatures. Rotor bearing metal temperature is a function 
of the lube-oil inlet temperature to the bearings. In addition, bearing temperatures are 
affected by vibration, alignment, oil condition, bearing preloads, electrical arcing be¬ 
tween the rotor shaft and the bearings, and low lube-oil flow to the bearings. High 
bearing metal temperatures can cause high bearing-oil outlet temperatures at the af¬ 
fected bearing. Excessive bearing temperatures can result in an overheated bearing and 
a subsequent rub or wipe. 

The bearing metal temperatures of the upper and lower bearing halves, or of the in¬ 
dividual pads in a tilting pad bearing, are monitored by thermocouples embedded in 
the material of the bearing. One or two sensors are typically located in the bearing’s 
lower half, very close to, but not in, the babbitt metal. Because the bearing is generally 
insulated, the sensor must also be insulated from the bearing to prevent shorting the in¬ 
sulation. 

Bearing Inlet Oil Temperature. High inlet-oil temperature will cause the 
bearing temperatures to rise and thus affect their operation. High inlet-oil temperature 
is almost always a result of poor operation of the bearing lube-oil system. All gener¬ 
ator and turbine bearings will be affected. Should the bearing-oil inlet temperature 
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exceed its limits, investigation of the root cause should begin with the lube-oil sys¬ 
tem. 

Bearing Outlet Oil Temperature. Bearing-oil outlet temperatures are indicat¬ 
ed most commonly by a TC or RTD in the oil-outlet stream from each individual bear¬ 
ing. Overheating of the individual bearings is indicated by this parameter, and this 
should correlate with the bearing metal temperature readings. 

Bearing-oil outlet temperatures can also indicate a global problem with the lube-oil 
system if all bearing-oil outlet temperatures are high. In this case, it is possible that the 
bearing inlet oil from the lube-oil system has a temperature problem from the lube-oil 
system. It is also possible that a leak of oil from the system has starved the bearing of 
oil. The bearing inlet-oil pressure should be checked in such instances to ensure that it 
is at the correct pressure. 

Temperature increase on one bearing can only mean a reduction or loss of lubricat¬ 
ing oil to that bearing, pitting of the babbitt metal by excessive shaft currents, bearing 
loading due to bearing movement, and a rub in the bearing or deterioration of the bab¬ 
bitt material. 

Hydrogen-Seal Metal Temperatures. Hydrogen-seal metal temperatures 
are a function of the seal-oil inlet temperature and the seal friction losses. The hy¬ 
drogen-seal temperatures are affected by mechanical problems such as seal rubs from 
misalignment and white-metal degradation, electrical mechanisms such as arcing, and 
oil-related causes such as low inlet-oil flow to the seals. High hydrogen-seal metal 
temperatures will cause high hydrogen-seal oil outlet temperatures of the affected 
seal. 

Overheating of the seal metal can cause not only a failure of the seal but subsequent 
serious damage to other generator components. A hydrogen-seal failure is extremely 
dangerous since hydrogen is likely to escape from the generator casing at the location 
of the failure. The hydrogen escaping from the seal can ignite because of the high tem¬ 
perature at the failure point and also because hydrogen leaking from the pressure ves¬ 
sel can self-ignite. Hydrogen-seal metal temperatures are monitored by thermocouples 
embedded in the seal-ring material. 

Hydrogen-Seal Inlet-Oil Temperature. As high inlet-oil temperature raises 
the hydrogen-seal temperatures, the operation of the oil supply will be affected. High 
inlet-oil temperature is almost always a result of poor operation of the seal-oil supply 
system, and will affect both generator hydrogen seals. Should the hydrogen seal-oil in¬ 
let temperature exceed its limits, investigation of the root cause should begin with the 
seal-oil supply system. 

Hydrogen-Seal Outlet-Oil Temperature. In general, a TC or RTD in the 

oil-outlet stream from each individual seal indicates hydrogen-seal oil-outlet tempera¬ 
tures. Overheating of the individual hydrogen seals will be indicated by this parameter, 
and should correlate with the hydrogen-seal metal temperature readings. 
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Hydrogen-seal oil-outlet temperatures can also indicate a global problem with the 
seal-oil supply system if all hydrogen seal-oil outlet temperatures are high. In this case, 
it is possible that the inlet oil has a temperature problem from the seal-oil supply sys¬ 
tem. 

Hydrogen Seal, Hydrogen/Seal-Oil Differential Pressure. A high degree 
of hydrogen loss from the generator can cause the hydrogen/seal-oil differential pres¬ 
sure to increase. Similarly, seal-oil inlet pressure to the generator being too high will 
cause the differential pressure to increase. One of the problems of high hydrogen/seal- 
oil differential is excess seal oil leaking into the generator. This can overload the 
drainage system and cause oil to mist and coat the generator’s internal components. 
The problem is that oil has a tendency to promote loosening of components such as the 
stator wedges. 

The differential pressure between the oil inlet to the hydrogen seals and the casing 
hydrogen gas pressure is continuously monitored. It is always maintained in the range 
of 5 to 15 psi by a regulating valve to control the differential pressure, with the seal-oil 
pressure being the higher of the two. The higher seal-oil pressure keeps the hydrogen 
from escaping the generator casing. 

Loss of the hydrogen seal oil at either end of the generator will cause hydrogen 
leakage at the seal, creating a dangerous condition for both personnel and the internal 
generator components. When hydrogen under pressure is allowed to leak uncontrolled, 
it has the capacity to self-ignite. When it does, the flame is invisible to the eye. The 
only clues to the presence of a hydrogen fire are the emitted heat and the formation of 
water droplets, since the escaping hydrogen combines with the oxygen in air to make 
water. The other problem is the reduction in cooling of the generator components due 
to the reduction in hydrogen pressure. 

Rotor Fan Differential Pressure. Rotor fan differential pressure is an indica¬ 
tion of the operation of the hydrogen cooling circuit inside the generator. The fan dif¬ 
ferential pressure is the pressure required to overcome the pressure drop across the en¬ 
tire hydrogen gas cooling circuit inside the generator, such that there is sufficient flow 
of hydrogen to cool the generator components. 

A significant increase in the fan differential pressure is an indication that there may 
be a flow restriction somewhere in the cooling circuit. A low fan differential may indi¬ 
cate a problem with the fan itself. 

5.5.5 Excitation System 

ac Power into Exciter. The ac power into the exciter is the power consumed 
by the excitation system. In static excitation systems, it is the power delivered by the 
ac supply transformer to the excitation cubicles, and in rotating excitation systems it is 
the input to the main rotating exciter. For any particular load, the ac power should be at 
a certain level. A check can be made of the consumption to see if it is in the correct 
range for the load output. 
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dc Power out of Exciter. The dc power out of the exciter is the power deliv¬ 
ered to the rotor winding after rectification. The difference between the ac power in 
and dc power out should only be the normal losses. A large differential between the 
two is an indicator of a possible excitation system fault. 

Whether static or rotating, the main exciter can be considered the power stage of the 
excitation system. When the power stage of the exciter has failed, it may result in a 
partial or complete loss of excitation to the generator. For a static excitation system, 
this would include the thyristor bank or transformer. For a rotating exciter, this would 
include problems with the diode wheel or rotating alternator. 

Main Exciter, Coding Air Inlet Temperature. The cooling air temperature 
into the main excitation system, whether a rotating exciter or a static exciter, is gener¬ 
ally the ambient temperature of the powerhouse. Cooling air is usually taken from the 
powerhouse, filtered, and directed over the excitation equipment for cooling. It is then 
discharged back into the powerhouse. 

The cooling air inlet temperature will vary with the seasons as the powerhouse gen¬ 
eral atmosphere temperature changes. Therefore, it is more likely to have temperature 
problems relating to the cooling air supply for the exciters in the summer. 

Main Exciter, Cooling Air Outlet Temperature. The cooling air tempera¬ 
ture out of the main exciter (i.e., static or rotating) is an indicator of overheating of the 
main excitation components. It will also vary on the cooling air inlet temperature. 
Therefore, the temperature rise of the outlet cooling air above the inlet cooling air of 
the main exciter should be monitored primarily. 

Collectors and Brush Gear, Cooling Air Inlet Temperature. The collec¬ 
tor and brush gear inlet air is generally the air from the powerhouse turbine hall at its 
ambient value. It is filtered and directed over the collectors and brush gear for cooling, 
and discharged back into the turbine hall. 

Collectors and Brush Gear, Cooling Air Outlet Temperature. The cool¬ 
ing air outlet temperature from the collectors and brush gear is an indicator of over¬ 
heating of these components, since the collector ring temperatures cannot be moni¬ 
tored directly. Overheating is generally caused by current overloading or improper 
operation of the brush gear. 

The outlet air temperature will also vary with changes in the cooling air inlet tem¬ 
perature. Therefore, the temperature rise of the outlet cooling air above the inlet cool¬ 
ing air should be monitored primarily. 

Collectors and Brush Gear, Cooling Air Filter Differential Pressure. 

The collectors and brush gear air filter being clogged or dirty will cause reduced cool¬ 
ing airflow to the collectors and brush gear. This can also cause above-normal temper¬ 
atures and poor operation of the collectors and brush gear. The pressure drop across 
the filters is monitored to detect clogging. 
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5.5.6 Hydrogen Cooling System 

Hydrogen is provided in large generators for improved cooling of the internal genera¬ 
tor components. Hydrogen is the primary coolant for the stator core and frame, the ro¬ 
tor, and the stator winding in generators with directly cooled stator windings. Hydro¬ 
gen coolers and a cooling system are provided to remove the heat absorbed by the 
hydrogen gas. 

Bulk Hydrogen Supply Pressure. Hydrogen supply pressure is monitored to 
indicate if there is a problem with the external hydrogen system pressure controls, or 
simply if the system’s external hydrogen supply is low and requires refreshing. What¬ 
ever the reason, the effect of low external hydrogen supply pressure is no available hy¬ 
drogen makeup because the generator casing loses gas pressure. 

Generator Casing Hydrogen Gas Pressure. Hydrogen cooling effective¬ 
ness of the generator internal components is proportional to the hydrogen gas pressure. 
Therefore, the capability curve limits are related to the hydrogen pressure of the gener¬ 
ator, and the power output capability of the generator will be affected if the proper 
pressure is not maintained (see Chapter 4 for an exhaustive treatment of this topic). 

The design hydrogen pressure in the generator must be maintained at all times when 
the generator is operating and there is a regulating valve generally employed in the 
system to do this. Otherwise, the temperature limits of the various components cooled 
by hydrogen could be encroached upon. At full load, the hydrogen pressure should be 
maintained at rated design pressure. At reduced load, the generator is more efficient if 
the pressure is just slightly higher than needed as determined by the capability curves. 
A regulator maintains the proper pressure for the purpose of reducing the hydrogen 
supply pressure to the required operating pressure of the generator. 

Low hydrogen gas pressure will result in a temperature rise of all the internal gener¬ 
ator components (stator winding, rotor, core, etc.) and eventually cause overheating of 
the same components if the condition becomes severe enough. 

The dielectric strength of the hydrogen gas is also proportional to hydrogen pres¬ 
sure. Therefore, reducing the hydrogen pressure below its rated value will also de¬ 
crease the insulating capability of the hydrogen gas as well as its cooling capacity. 

Low generator casing gas pressure can result if there is a leak of hydrogen gas from 
the generator. This can occur at casing joints such as the end doors, or by a leak into 
the stator cooling water, hydrogen cooler service water, and/or into the seal oil. A 
small amount of hydrogen will continually permeate through any Teflon hoses in the 
stator water-cooling circuit and provide a slow source of hydrogen loss into the stator 
cooling water. 

There is always some continual loss of hydrogen gas that is made up by the external 
hydrogen system. Nonetheless, if the external supply is low, the casing pressure cannot 
be increased as needed. 

It is also important to maintain the correct hydrogen pressure, such that it is always 
lower than the seal-oil pressure. This ensures that hydrogen does not escape from the 
hydrogen seals. 
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The casing hydrogen pressure is also maintained above the stator cooling water 
pressure (usually by about 5 psi above the stator cooling water inlet pressure) and the 
raw service water pressure of the hydrogen coolers. These systems are designed to 
handle hydrogen ingress into the water and discharge it safely to atmosphere. It is im¬ 
portant to keep the hydrogen pressure higher than the water pressure in these systems 
so that water does not leak into the generator and create a possible failure mechanism 
or a high hydrogen dew-point condition. 

The hydrogen pressure inside the generator is generally displayed in the control 
room. In addition, a low-pressure alarm is usually provided and set a few pounds be¬ 
low the normal operating pressure. The existence of a low-pressure alarm indicates 
that a hydrogen leak exists. 

Cold Hydrogen Gas Temperature. The cold hydrogen gas temperature is the 
ambient operating temperature of the generator, and is controlled by hydrogen cooler 
operation. It should be maintained at its operating set point, which for most generators 
is usually between 30 and 40°C. The maximum allowable cold gas temperature by 
lEEE/ANSI standards is 46°C [5]. 

The operation of the hydrogen coolers is usually either a once-through system with 
temperature control throttled by varying the raw water flow to the coolers, or by use of 
raw water recirculation with temperature control carried out by a temperature control 
valve, varying the warm raw water recirculation level. Normally the temperature of the 
cold hydrogen gas supplied by each gas cooler is typically balanced to within 2°C. 

The cold gas temperature is measured by RTDs or TCs located in the gas flow path 
at the discharge of the gas coolers. One sensor is usually provided for each cooler. A 
temperature indication and high alarm is also provided. 

Hot Hydrogen Gas Temperature. The hot hydrogen gas temperature is a 
measure of the heat absorbed by the cold hydrogen gas from cooling of the generator 
components. The hot gas temperature should always be maintained with design limits 
set down by the manufacturer. 

In addition to a problem with one or more of the generator components causing the 
hydrogen gas to become excessively warm, problems with the hydrogen cooling sys¬ 
tem will also cause high hydrogen gas temperature. This can result from reduced effi¬ 
ciency of the hydrogen coolers, by either high raw water inlet temperature or low raw 
water flow to the coolers. Excessive hot hydrogen gas temperatures can indicate ab¬ 
normalities such as low purity or low hydrogen pressure in hydrogen-cooled machines. 

The hot gas temperature is usually measured by RTDs or TCs located in the gas 
flow path at the inlet to each of the hydrogen coolers. A temperature indication and 
high alarm are also provided. 

To measure the hot hydrogen gas temperature directly, generators that have direct 
hydrogen-cooled stator windings generally have a proportion of the stator conductors 
with RTDs or TCs at the outlet end of the bars. 

Hydrogen Dew-Point Temperature. Hydrogen dew-point temperature is an 
indicator of the moisture content in the generator casing hydrogen gas. Moisture is un- 
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desirable for the stator and rotor insulation systems, since it can initiate insulation fail¬ 
ure by electrical tracking, and for various steel components in the generator due to 
rusting and corrosive effects. Hydrogen dew point may be monitored on a continuous 
basis by a dew-point indicator and should be maintained at a value much lower than 
the expected cooling water temperature. It is recommended that the dew point be 
maintained at less than 0°C [5]. An alarm can be provided if the dew point rises above 
this set point. 

High moisture content in the hydrogen gas is usually due to hydrogen dryer mal¬ 
function, contaminated hydrogen supply, poor seal-oil quality, or a malfunction in the 
seal-oil system on the vacuum treatment plant. Stator cooling water or hydrogen cool¬ 
er raw water leakage into the generator can also cause high dew point, this is less com¬ 
mon. 

Moisture is most likely to collect in the generator during shutdown periods, when 
the internal components begin to cool and the dew-point temperature rises. 

Hydrogen Purity. To ensure high cooling efficiency. Hydrogen purity is gener¬ 
ally maintained above 98%. If the purity drops too low, an explosive mixture can occur 
below 74% and above 4%. 

A gas analyzer is usually provided to monitor the concentration of hydrogen gas in 
the generator against CO 2 . It is measured against CO 2 because it is CO 2 that is used to 
purge hydrogen from the generator. 

During operation, the hydrogen in the generator is continuously passed through the 
analyzer. The output from the analyzer may be displayed as hydrogen purity in the 
control room. If the purity or concentration falls below the manufacturer’s recommen¬ 
dation, an alarm can be initiated. 

Low hydrogen purity results in increased windage losses and lower efficiency (see 
Fig. 5.49). Monitoring of purity is extremely important during purging operations for 
safety reasons, to ensure that the explosive range is not encroached upon. 

Hydrogen Makeup or Leakage Rate. The hydrogen makeup or leakage rate 
is monitored to indicate a loss of hydrogen somewhere in the generator. Hydrogen can 
leak into the stator cooling water and result in hydrogen gas locking in the stator wind¬ 
ing, or leak into the hydrogen coolers. It can also be entrained in the seal oil at an ex¬ 
cessive rate or leak from the generator casing at joints or connections. Hydrogen leak¬ 
age can also occur due to a problematic hydrogen seal, which has dangerous 
implications due to the temperature of the seal. 

The allowable daily leakage is always specified by the manufacturer. However, 
most generators should be capable of maintaining a total daily leakage rate under 500 
cubic feet (14 m^) per day, with an alarm set point of 1500 cubic feet (42.5 m^) per 
day. A gas-totalizing flowmeter on the inlet (makeup) line is usually provided to indi¬ 
cate the total hydrogen consumption of the generator. 

Hydrogen gas leakage can also occur, for example, into the stator cooling water 
system, through the stator bar hollow strands, water hoses, manifolds, 0-rings, and ter¬ 
minals. Excessive leakage of hydrogen into stator cooling water can lead to gas lock¬ 
ing of the cooling path. This is caused by a gas bubble blocking the stator cooling wa- 
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Hydrogen Purity % 


Fig 5.49 This graph shows how a decrease in hydrogen purity affects the generator 
efficiency by increasing the windage losses (after the Proton Co.). 


ter flow and may result in overheating in the stator winding. Venting is often provided 
for releasing any hydrogen introduced into the stator cooling water system. Also, the 
amount of vented hydrogen is sometimes measured by a dedicated system for monitor¬ 
ing the leak rate of hydrogen into stator cooling water. 

Another source of hydrogen leakage can be the hydrogen coolers. It is not generally 
possible to monitor the leak rate, but it can be detected by high hydrogen makeup or 
overall consumption. Hydrogen gas can also leak into the seal-oil system where the 
hydrogen comes in contact with the seal oil. The hydrogen entrained in the oil is gener¬ 
ally not significant in comparison to the other possibilities. 

Raw Service Water Inlet Pressure to Hydrogen Coolers. The service 
water inlet pressure to the hydrogen coolers is monitored to ensure continuous flow of 
raw cooling water to the hydrogen coolers, and to ensure proper heat removal from the 
hydrogen gas. Low raw water inlet pressure to the hydrogen coolers is an indication of 
low flow to the coolers which will affect the cooling of the hydrogen gas. Low service 
water flow to the hydrogen coolers may be caused by either a failure of the supply 
pump or a large leak before the generator. Low pressure/flow to the hydrogen coolers 
will result in reduced cooler efficiency and cause the cold hydrogen gas temperature to 
rise. 

Raw Service Water Inlet Temperature to Hydrogen Coolers. Raw water 
from a local lake or river is circulated through the hydrogen cooler tubes on one side of 
the heat exchanger to remove the heat from the hydrogen flowing over the cooler tubes 
on the other side. The service water inlet temperature to the hydrogen coolers is moni- 
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tored since it is important in maintaining the correct cold hydrogen gas temperature. It is 
also monitored for comparison to the outlet water temperature and subsequent determi¬ 
nation of the differential temperature. This allows an estimation of the cooler efficiency. 

High service water inlet temperature to the hydrogen coolers usually occurs in the 
summer months. If the temperature of the inlet service water is too high, it can cause a 
hydrogen cooler reduced-efficiency problem. This will result in the temperature of the 
cold hydrogen gas rising above its normal set point. 

Most generators use a “once-through” raw water system. Nonetheless, hydrogen 
coolers with a warm service water recirculation system are not uncommon. These pro¬ 
vide somewhat more control of the inlet service water temperature to the coolers, but 
are more useful in times when the service water is too cold. 

Raw Service Water Outlet Temperature from Hydrogen Coolers. The 

raw service water outlet temperature is monitored to assist in detecting problems with 
the hydrogen coolers. The service water outlet temperature should be proportional to 
the inlet service water temperature and the generator loading. 

Low service water flow to the hydrogen coolers may cause high outlet water tem¬ 
perature. The low-flow condition can be due to silting or fouling of the cooler tubes. 
This will result in reduced hydrogen cooler efficiency and cause the temperature of the 
cold hydrogen gas and, subsequently, the generator internal components to rise. 

5.5.7 Lube-Oil System 

Lubricating oil is required for the generator bearings. Oil flow, temperatures, and pres¬ 
sures are monitored to ensure proper performance of the bearings. 

Lube-Oil Cooler Inlet Temperature (Bearing Outlets). Heat exchangers 
are provided for heat removal from the lube oil. Raw water from a local lake or river is 
circulated on one side of the cooler to remove the heat from the lube oil circulating on 
the other side of it. 

The inlet water temperature is monitored for comparison to the outlet water temper¬ 
ature and subsequent determination of the differential temperature. This allows an esti¬ 
mation of the cooler efficiency. 

Lube-Oil Cooler Outlet Temperature (Bearing Inlets). The temperature 
of the rotor bearings will vary with the inlet temperature of the lube oil. It is important 
to keep the inlet lube oil temperature within recommended limits for proper operation 
of the bearings and to reduce the possibility of bearing overheating. 

The lube-oil inlet temperature to the rotor bearings will rise if the lube-oil outlet 
temperature from the lube-oil system is too high. The outlet temperature will be raised 
by reduced lube-oil cooler efficiency, due to low service water flow to the lube-oil 
coolers, or due to high-service water inlet temperature to the lube-oil coolers. 

Lube-Oil Pump, Oil Outlet Pressure. The lube-oil pump outlet pressure is 
monitored to provide warning of the loss of lube-oil flow due to a supply pump prob- 
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lem. A low lube-oil pump outlet pressure implies a problem or failure of the lube-oil 
pump, and will create a no-flow or low-flow condition of lube oil to the rotor bearings. 
The result will be a rise in the rotor bearing temperatures if the oil flow is not reestab¬ 
lished immediately. 

Failure of the source of lube-oil supply is extremely serious. The unit is usually shut 
down as soon as possible to avoid bearing damage and possible damage to the rotor 
shaft. 

There are often redundant lube-oil pumps for backup and, in some cases, a dc emer¬ 
gency pump to allow safe unit shutdown should the shaft-driven or ac pumps be un¬ 
available. 

Lube-Oil System, Oil Outlet Pressure (Bearing Inlets). The lube-oil sys¬ 
tem outlet pressure (inlet pressure to bearings) is monitored to ensure that there is 
lube-oil flow to the bearings. Fouled or plugged lube-oil coolers will cause a flow 
blockage and reduced lube-oil flow to the rotor bearings. Fouled or plugged lube-oil 
coolers on the lube-oil side is most likely the result of debris in the lube oil, or lube 
oil that is in very poor condition, containing sludge that has built up in the lube oil 
coolers. 

A large leak in the lube-oil system before the bearings will also create a low-pres¬ 
sure (low-flow) problem. 

Lube-Oil Filter, Differential Oil Pressure. Lube-oil filter differential pres¬ 
sure is used to indicate the operating condition of the filters and the overall lube-oil 
system. Low differential pressure on the filters is an indication of reduced lube-oil 
flow, whereas high differential pressure is an indication of high lube-oil flow or a 
plugged filter. 

Fouled or plugged lube-oil filters indicate that the filter has collected an excessive 
amount of sludge or debris from the lube oil, and that the condition of the lube oil is in 
question, or that the lube-oil filter has not been cleaned or maintained for some time. A 
plugged lube-oil filter will cause a lube-oil flow blockage, resulting in reduced lube-oil 
flow to the rotor bearings. 

Lube-Oil Tank Level. The lube-oil tank level is monitored to ensure that there 
is always a supply of lube-oil for the lube-oil pumps to draw on. Low lube-oil level in 
the tank implies a significant loss of lube oil in the system. A lube-oil system leak is a 
possible reason for a low lube-oil tank level. 

Lube-Oil Flow. Lube-oil flow to the bearing is monitored to ensure proper oper¬ 
ation of the bearings. Lube-oil flow may be indicated by a flow indicator or by low 
lube-oil pressure at the rotor bearings. 

Low lube-oil flow to the rotor bearings can be caused by a flow blockage some¬ 
where in the lube-oil system, a failure of the lube-oil supply pump, or a large lube-oil 
leak in the lube-oil system before the inlet to the bearings. Low lube-oil flow will re¬ 
sult in the bearing temperatures increasing above their normal operating range. The de¬ 
sign lube-oil flow should be maintained to avoid damage to the bearings. 
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Raw Service Water Inlet Pressure to Lube-Oil Coolers. The service wa¬ 
ter inlet pressure to the lube-oil coolers is monitored to ensure continuous flow of raw 
cooling water to the coolers and ensure proper heat removal from the lube oil. 

Low raw water inlet pressure to the lube-oil coolers is an indication of low flow to 
the coolers, which will affect the cooling of the lube oil. Low service water flow to the 
lube-oil coolers may be caused by either a failure of the service water supply pump or 
a large leak before the coolers. Low pressure/flow to the lube-oil coolers will result in 
reduced cooler efficiency and cause the lube-oil temperature to rise. 

Raw Service Water Inlet Temperature to Lube-Oil Coolers. Raw service 
water is circulated through the lube-oil coolers on one side of the heat exchanger, to re¬ 
move the heat from the lube-oil flowing through the other side. 

The service water inlet temperature to the lube-oil coolers is monitored to maintain 
the correct lube-oil inlet temperature to the rotor bearings. It is also monitored for 
comparison to the service water outlet temperature of the coolers, and subsequent de¬ 
termination of the differential temperature. This allows an estimation of the cooler ef¬ 
ficiency. 

High service water inlet temperature to the lube-oil coolers usually occurs in the 
summer months. If the temperature of the inlet service water is too high, it can cause a 
reduced efficiency problem in the cooler. This will result in the temperature of the lube 
oil rising above its normal operating level. 

Raw Service Water Outlet Temperature from Lube-Oil Coolers. The 

raw service water outlet temperature is monitored to assist in detecting problems with 
the lube-oil coolers. The service water outlet temperature should be proportional to the 
inlet service water temperature. 

Low service water flow to or in the lube-oil coolers will cause high outlet water 
temperature due to reduced efficiency of the coolers. This will result in the tempera¬ 
ture of the lube oil rising above its normal operating level. The low-flow condition 
may originate from silting or fouling of the cooler tubes. 

5.5.8 Seal-Oil System 

The hydrogen seals require oil for lubrication and for actual sealing of the generator 
against loss of hydrogen from the casing. In most generators, the seal-oil system is di¬ 
vided into an air side and a hydrogen side. In some designs, there is also a vacuum 
side. 

For proper operation of the seal-oil system, the oil flows, temperatures, and pres¬ 
sures are monitored at various points in the system to ensure correct operation of the 
hydrogen seals. 

Seal-Oil Cooler Inlet Temperature (Hydrogen Seal Outlets). Heat ex¬ 
changers are provided for heat removal from the seal oil. Raw water from a local lake 
or river is circulated on one side of the cooler to remove the heat from the seal oil cir¬ 
culating on the other side of the heat exchanger. 
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The inlet water temperature is monitored for comparison to the outlet water temper¬ 
ature, and subsequent determination of the differential temperature. This allows an es¬ 
timation of the cooler efficiency. 

Seal-Oil Cooler Outlet Temperature (Hydrogen Seal Inlets). The tem¬ 
perature of the hydrogen seals will vary with the inlet temperature of the seal oil. It is 
important to keep the inlet seal-oil temperature within recommended limits for proper 
operation of the seals, and to reduce the possibility of hydrogen seal overheating. 

High seal oil inlet temperature to the rotor hydrogen seals occurs when the seal-oil 
outlet temperature from the seal-oil system is too high. This can be caused by reduced 
seal-oil cooler efficiency due to low service water flow to the seal-oil coolers, or due to 
high service water inlet temperature to the seal-oil coolers. 

Seal-Oil Pump, Oil Outlet Pressure. The seal-oil pump outlet pressure is 
monitored to provide warning of a loss of seal-oil flow due to a supply pump problem, 
and to ensure that the pressure is maintained within limits for the hydrogen/seal-oil dif¬ 
ferential pressure. 

Seal-oil pressure that is too high can cause excess seal-oil leakage into the genera¬ 
tor, which will cause oil contamination problems with many of the internal generator 
components. 

Low seal-oil pump outlet pressure implies a problem or failure of the seal-oil pump, 
and will create a no-flow or low-flow condition of seal oil to the rotor hydrogen seals. 
The result will be a rise in the hydrogen seal temperatures if the oil flow is not reestab¬ 
lished immediately. 

Failure of the source of seal-oil supply is extremely serious, since it is required to 
maintain the generator casing hydrogen pressure. In the event of a serious failure of the 
hydrogen seals, the unit is usually shut down as soon as possible and purged with CO 2 
to avoid a hydrogen fire, seal damage, and possible damage to the rotor shaft. 

There are often redundant seal-oil pumps for backup and, in some cases, a dc emer¬ 
gency pump to allow safe unit shutdown should the shaft driven or ac pumps become 
unavailable for any reason. 

Seal-Oil System, Oil Outlet Pressure (Hydrogen Seal Inlets). The seal- 
oil system outlet pressure (inlet pressure to the hydrogen seals) is monitored to ensure 
that there is oil flow to the hydrogen seals. The system outlet pressure (inlet pressure to 
the hydrogen seals) is also monitored to ensure that the pressure is maintained within 
limits for the hydrogen/seal-oil differential pressure and proper operation of the hydro¬ 
gen seals. 

Seal-oil pressure that is too high can cause excess seal-oil leakage into the genera¬ 
tor, which will cause oil contamination problems with many of the internal generator 
components. 

Reduced seal-oil flow to the hydrogen seals is an indicator of fouled or plugged 
seal-oil coolers. Fouled or plugged seal-oil coolers on the oil side is most likely the re¬ 
sult of debris in the seal oil, or seal oil that is in very poor condition containing, sludge 
that is building up in the seal-oil coolers. 
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A large leak in the seal-oil system before the seals will also create a low-pressure 
(low-flow) problem. 

Low hydrogen seal inlet pressure is dangerous if it goes below the hydrogen gas 
pressure in the generator casing. This will allow hydrogen leakage from the generator, 
creating a safety hazard. 

Seal-Oil Filter, Differential Oil Pressure. Seal-oil filter differential pressure 
is used to indicate the operating condition of the filters and the overall seal-oil system. 
Low differential pressure on the filters is an indication of reduced seal-oil flow, where¬ 
as high differential pressure is an indication of high seal-oil flow or a plugged filter. 

Fouled or plugged seal-oil filters indicate that the filter has collected an excessive 
amount of sludge or debris from the seal oil and that the condition of the seal oil is in 
question, or that the seal-oil filter has not been cleaned or maintained for some time. A 
plugged seal-oil filter will cause a seal-oil flow blockage, resulting in reduced seal-oil 
flow to the hydrogen seals. 

Seal-Oil Tank Level. The seal-oil tank level is monitored to ensure that there is 
always a supply of seal oil for the seal-oil pump to draw on. 

Low seal-oil level in the tank implies a significant loss of seal oil in the system. A 
seal-oil system leak, or excessive oil leakage into the generator, is a possible reason for 
a low seal-oil tank level. 

Seal-Oil Flow. Seal-oil flow to the hydrogen seals is monitored to ensure proper 
operation of the seals. Seal-oil flow may be indicated by a flow indicator, or by low 
seal-oil pressure at the hydrogen seal-oil inlets. 

Low oil flow to the hydrogen seals can be caused by a flow blockage somewhere in 
the seal-oil system, a failure of the seal-oil supply pump, or a large seal-oil leak in the 
seal-oil system before the inlet to the hydrogen seals. Low seal-oil flow will result in 
the hydrogen seal temperatures increasing above their normal operating range. Very 
low oil flow to the hydrogen seals can result in loss of the seal, allowing the hydrogen 
to escape from the generator. The design seal-oil flow should be maintained to avoid 
damage to the seals. 

Excessive oil flow can result in oil entering the machine past the seal oil wipers, 
through the clearance in the wiper gap. Monitoring the seal-oil pressure and alarming 
when it deviates from an acceptable range can detect both low- and high-flow condi¬ 
tions. 

Seal-Oil Vacuum Tank Pressure. The seal-oil vacuum tank pressure is main¬ 
tained near vacuum to assist in removing entrapped hydrogen and moisture from the 
seal oil. Loss of the vacuum will cause improper operation of the seal-oil vacuum sys¬ 
tem, and may result in oil foaming in the seal-oil vacuum tank. This will allow mois¬ 
ture to carry over into the generator casing, and adversely affect the dew-point temper¬ 
ature of the hydrogen gas. 

Failure of the seal-oil vacuum system will require the hydrogen dryers (if provided) 
to work harder to keep the dew point of the hydrogen gas at design levels. Seal oil vac- 
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uum treatment malfunction may occur from failure of the seal-oil vacuum pump or a 
leak in the vacuum tank. 

Raw Service Water Inlet Pressure to Seal-Oil Coolers. The service water 
inlet pressure to the seal-oil coolers is monitored to ensure continuous flow of raw 
cooling water to the coolers and ensure proper heat removal from the seal oil. Low raw 
water inlet pressure to the seal-oil coolers is an indication of low flow to the coolers, 
which will affect the cooling of the seal oil. Low service water flow to the seal-oil 
coolers may be caused by either a failure of the service water supply pump or a large 
leak before the coolers. Low pressure/flow to the seal-oil coolers will result in reduced 
cooler efficiency and cause the seal-oil temperature to rise. 

Raw Service Water Inlet Temperature to Seal-Oil Coolers. Raw service 
water is circulated through the seal-oil coolers on one side, to remove the heat from the 
seal oil flowing through the other side of the heat exchanger. The service water inlet 
temperature to the seal-oil coolers is monitored to maintain the correct seal-oil inlet 
temperature to the rotor hydrogen seals. It is also monitored for comparison to the ser¬ 
vice water outlet temperature of the coolers, and subsequent determination of the dif¬ 
ferential temperature. This allows an estimation of the cooler efficiency. 

High service water inlet temperature to the seal-oil coolers usually occurs in the 
summer months. If the temperature of the inlet service water is too high, it can cause a 
reduced efficiency problem in the cooler. This will result in the temperature of the seal 
oil rising above its normal operating level. 

Raw Service Water Outlet Temperature from Seal-Oil Coolers. The 

raw service water outlet temperature is monitored to assist in detecting problems with 
the seal-oil coolers. The service water outlet temperature should be proportional to the 
inlet service water temperature. 

Low service water flow to or in the seal-oil coolers will cause high outlet water 
temperature due to reduced efficiency of the coolers. This will result in the tempera¬ 
ture of the seal oil to rise above its normal operating level. The low-flow condition 
may originate from silting or fouling of the cooler tubes. 

5.5.9 Stator Cooling Water System 

All water-cooled stator windings require an external system to deliver cooling water to 
the stator winding (and other water-cooled components). The stator cooling water sys¬ 
tem is regarded as a closed system, and every major generator manufacturer has a spe¬ 
cific philosophy regarding its design and the quality of the water used for cooling gen¬ 
erator components. Generally, for stator windings, the water must be conditioned by 
the stator cooling water system to operate in conductor bars that are energized at high 
voltage and carrying high electrical current. Therefore, the water must be very pure 
and have minimal conductivity. To accomplish this, a purifier-filtering system is pro¬ 
vided with the sew system. 
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In all stator cooling water systems, the various parameters involved are monitored 
at different points in the system. The general parameters monitored are stator cooling 
water inlet to generator temperature, stator cooling water outlet from generator temper¬ 
ature, stator cooling water inlet pressure to generator, stator cooling water outlet pres¬ 
sure from generator, differential pressure across filters and strainers, system stator 
cooling water flow, stator cooling water conductivity, and storage and makeup-tank 
levels. In addition, the raw service water for the stator cooling water coolers is also 
generally monitored for inlet and outlet temperature of the coolers. 

Stator Cooling Water Coolers—Inlet Temperature. Heat exchangers are 
provided for heat removal from the stator cooling water. Raw water from a local lake 
or river is circulated on one side of the cooler, to remove the heat from the demineral¬ 
ized stator cooling water circulating on the other side of the heat exchanger. 

The inlet water temperature is monitored for comparison to the outlet water temper¬ 
ature, and subsequent determination of the differential temperature. This allows an es¬ 
timation of the cooler efficiency. 

Stator Cooling Water Coolers—Outlet Temperature. Generally, the sta¬ 
tor cooling water inlet temperature is maintained below 50°C, but normally operates in 
the 35 to 40°C range. It is desirable to keep the stator core, winding, and hydrogen gas 
temperatures in the same range to minimize thermal differentials. Also, the stator cool¬ 
ing water inlet temperature is kept approximately 5°C higher than the hydrogen gas 
temperature to reduce the possibility of condensation in the machine. 

High stator cooling water outlet temperature from the stator cooling water system is 
usually caused by reduced stator cooling water cooler efficiency, either from low ser¬ 
vice water flow to the stator cooling water coolers or from high service water inlet 
temperature to the stator cooling water coolers. High stator cooling water outlet tem¬ 
perature from the stator cooling water system will cause the stator cooling water inlet 
temperature to the stator winding to be too high and, subsequently, the temperature of 
the stator winding will rise above its normal operating range. 

Stator Cooling Water Pump—Outlet Pressure. The stator cooling water 
pump outlet pressure is monitored to indicate that there is stator cooling water flow to 
the stator windings. Generally, there are two ac motor-driven pumps (one in use and 
the other as backup) used to deliver the cooling water to the windings. In some in¬ 
stances, a dc motor-driven pump is used for emergency shutdown. 

A stator cooling water supply pump failure implies loss of stator cooling water sup¬ 
ply to the generator. The loss of stator cooling water pump outlet pressure indicates a 
stator cooling water flow problem. This will result in a rise in temperature above the 
normal operating range of the stator winding and other components cooled by the sta¬ 
tor cooling water system. The generator can usually be operated at some minimum 
specified load without stator cooling water, but this is generally less than 25% of rated 
full load (consult the generator manual for manufacturer-set limits). If the unit is oper¬ 
ated above this minimum load, the stator winding is likely to overheat. 
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Stator Cooling Water System—Stator Cooling Water Outlet Pressure. 

The stator cooling water system outlet pressure (inlet pressure to the stator winding) is 
monitored to ensure that there is stator cooling water flow to the winding. Loss of sta¬ 
tor cooling water to the stator winding will cause loss of coolant to the stator winding 
and a subsequent rise in the stator winding temperature. There are generally cooling 
water flow devices employed to control the stator cooling water pumps and the trip- 
ping/run-back of the machine. 

Fouled or plugged stator cooling water coolers will cause a flow blockage and re¬ 
duced stator cooling water flow to the winding. Fouled or plugged stator cooling water 
coolers on the stator cooling water side is most likely the result of debris in the stator 
cooling water or corrosion of the stator cooling water coolers due to poor stator cool¬ 
ing water chemistry. Backflushing is often done to remove whatever debris or other 
problem that is causing the flow blockage. 

A large leak in the stator cooling water system before the generator will also create 
a low-pressure (low-flow) problem. 

Stator Cooling Water Filter/Strainer—Differential Pressure. Filters 
and/or strainers, or a combination of both are employed for removal of debris from the 
stator cooling water. Strainers are generally sized to remove debris in the 20 to 50 mi¬ 
cron range and larger, and fdters are used for debris in the range of 3 microns and larg¬ 
er. They can be mechanical or organic-type fdters and strainers. Strainers are usually 
mechanical devices and can be cleaned by backflushing procedures outlined in the 
manufacturer’s manual. Filters are usually of the organic type with replaceable car¬ 
tridges; the cartridges should be replaced with new ones if they are found to be dirty or 
fouled. 

Fouled or plugged stator cooling water filters or strainers are generally caused by 
the collection of debris removed from the stator cooling water, to a point where the 
amount of debris is excessive. This is an indication that the filters/strainers may re¬ 
quire replacement or backflushing. 

It is very important to ensure that the stator cooling water filters and/or strainers are 
also functioning as required. Any solid particles in the stator cooling water that are not 
collected by the filters will make their way to the inlets of the stator conductor bars. 
The hollow strands of the bars represent the narrowest portion of the stator cooling wa¬ 
ter flow path, and also have numerous turns and angles in the internal flow path due to 
the end-winding formation of the stator bars and the Roebel twisting employed. The 
hollow strands become a likely location for debris to build up. 

The stator cooling water filter/strainer differential pressure is used to indicate the 
operating condition of this equipment. Low differential pressure on the filters may in¬ 
dicate reduced stator cooling water flow, whereas high differential pressure may indi¬ 
cate high stator cooling water flow or a plugged filter. 

Stator Cooling Water Flow. Stator cooling water flow to the stator winding 
may be measured directly by a flow measurement device, or indirectly indicated by the 
stator cooling water inlet pressure to the generator. Continuous cooling water flow is 
essential to carry away generated heat. 
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Flow velocities are design specific and are based on such things as heat-carrying ca¬ 
pacity of the water, cross-sectional flow area in each bar, and corrosion effects on the 
copper. It is, therefore, important to have some indication that there is stator cooling 
water flow, especially during high-load operation. 

Low stator cooling water flow may be due to a flow blockage, a large stator cool¬ 
ing water leak in the external stator cooling water system, or a failure of the stator 
cooling water supply pumps. This will result in stator cooling water starvation of the 
stator winding, and cause the temperature of the winding to rise above the normal op¬ 
erating levels. The degree of low flow is generally dependent on the root cause. The 
urgency for corrective action is based on the temperature of the stator winding com¬ 
ponents. 

In addition to debris and copper corrosion buildup, a flow blockage in the stator 
winding water path inside the generator may be due to hydrogen leaking into stator 
cooling water. When this occurs, there is a possibility of hydrogen gas locking, which 
will cause a stator cooling water flow problem. The hydrogen leak into the stator cool¬ 
ing water system usually has to be significant for a flow blockage of this type to occur 
and the blockage must encompass many hollow strands before bar cooling is signifi¬ 
cantly affected. The degree of concern will depend on the stator bar design, with re¬ 
gard to such things as whether the bar is of the mixed-strand type or all-hollow-strand 
type. The manufacturer should be consulted as to the level of concern on this issue for 
the given bar type in question. 

There is almost invariably a certain amount of stator cooling water that will leak out 
of any opening or fault present in the stator bar, even though the hydrogen is main¬ 
tained at a higher pressure than the stator cooling water. This is due to the capillary ac¬ 
tion of water. The leaking stator cooling water is detrimental to the ground-wall insula¬ 
tion and may cause a bar failure if left uncorrected. 

Stator Cooling Water Conductivity. A deionizing subsystem is required to 
maintain low conductivity in the stator cooling water, generally on the order of 0.1 
p,S/cm. High conductivity of the demineralized cooling water can cause electrical 
flashover to ground by tracking, particularly at the Teflon hoses where an internal 
electric tracking path to ground is formed. 

High conductivity in the stator cooling water may be the result of a failure of the 
stator cooling water deionizer, but it can also be caused by internal erosion of the stator 
conductor bar strands from cavitation or chemical attack on the copper itself Failure 
of the stator cooling water system deionizer will allow the conductivity of the stator 
cooling water flowing through the stator winding to rise. 

The deionizer usually polishes a small percentage of the stator cooling water on a 
continual basis (generally about 5% of the total stator cooling water flow). If left un¬ 
corrected, the conductivity of the stator cooling water will continue to rise slowly, risk¬ 
ing a possible phase-to-ground leakage current through the increasingly conducting 
stator cooling water. A ground fault is possible in the worst case. 

Stator Cooling Water Oxygen Content. The dissolved oxygen content of 
the stator cooling water is monitored and controlled to prevent corrosion of the hollow 
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copper strands. Corrosion of hollow copper strands is a common source of plugging in 
the stator winding, and is mainly due to improper stator cooling water chemistry. In 
both high- and low-oxygen systems, it is desired to avoid dissolved oxygen contents in 
the range of 200 to 300 ppb in the stator cooling water. This is the range in which the 
maximum corrosion rate occurs and, hence, the greatest risk of plugging. In addition, 
the pH value affects the corrosion rate when it decreases below the recommended lev¬ 
els. Generally, a higher pH will reduce the corrosion rate [11]. Further, a higher pH 
value in the order of 8.5 (alkaline) or higher decreases the corrosion rate significantly 
for both high- and low-oxygen-type systems. 

High oxygen refers to air-saturated water with dissolved oxygen present in the sta¬ 
tor cooling water in the range of greater than 2000 p.g/1 (ppb) at STP. The high-oxygen 
system is based on the supposition that the surface of pure copper forms a corrosion- 
resistant and adherent cupric oxide layer (CuO), which becomes stable in the high- 
oxygen environment. The oxide layer is generally resistant to corrosion as long as the 
average water velocity is less than 15 ft/s (4.6 m/s) [11]. 

Low oxygen refers to stator cooling water with a dissolved oxygen content less than 
50 p.g/1 (ppb). The low-oxygen system is based on the supposition that pure copper does 
not react with pure water in the absence of dissolved oxygen. The upper limit is set by 
the corrosion rate that the water cleansing system can handle. The lower limit is set to 
the level at which copper will not deposit on any insulating surface in the water circuit 
such as a hose. This is to avoid electrical tracking paths to ground. It has better heat 
transfer properties at the copper/water interface and a lower copper ion release rate [11]. 

Hollow steel strands mixed with solid copper strands have been used for the cooling 
water circuit in the stator bars. The stainless steel allows a better leak seal at the ends 
of the stator bars, higher mechanical strength due to nature of the materials used, and 
reduced effects of corrosion. 

Corrosion products can also form in the external stator cooling water system when 
the stator cooling water chemistry is not optimum, since the external piping is also 
usually made of copper. In some cases, however, the external system piping is com¬ 
posed of stainless steel, and in these instances the corrosion mechanism is reduced. 
The problem is that the stator cooling water chemistry must still be closely watched, 
since even stainless steel can corrode if not maintained. 

Stator Cooling Water Hydrogen Content. When no leaks are present in the 
system, hydrogen content is at a minimum. High concentrations of hydrogen may also 
cause conductivity problems. 

High hydrogen leakage into stator cooling water can cause gas locking if the leak 
rate is too high. Excessive venting of hydrogen is an indication of a high leak rate. 
Many machines are equipped with a detraining system to collect and release any en¬ 
trained hydrogen that enters the stator cooling water system. The detraining system 
further measures the amount of gas collected and the number of releases, so that the 
leak rate is known. However, the content of the gas released is not fully known. It can 
only be assumed that the large majority of it is hydrogen, since that is the environment 
within the generator casing, but small amounts of air may also be present. 
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Copper/Iron Content. The content of copper and iron in the stator cooling wa¬ 
ter is normally less than 20 ppb. High concentrations of either can cause conductivity 
problems. 

Stator Cooling Water pH Value. The pH value is manufacturer specific. Gen¬ 
erally, there are two modes of operation: neutral and alkaline. Neutral pH refers to a 
pH value of approximately 7. A neutral pH with low oxygen content (less than 50 
p-g/l) works best. Oxygen at 200 to 300 p.g/1 produces the highest corrosion rate, but 
oxygen over 2000 p.g/1 will also work [11]. 

Alkaline pH refers to a high pH value of around 8.5. Again, low oxygen works best, 
although high oxygen will also work. This method requires an alkalizing subsystem to 
keep the pH at the proper level [11]. 

Stator Cooling Water Makeup Tank Level. In the event that stator cooling 
water is lost, or for filling of the stator cooling water system after shutdown and drain¬ 
ing, the system requires replenishing. Therefore, a storage tank to hold sufficient 
makeup water is required. Some systems are open to the atmosphere, whereas others 
maintain a hydrogen blanket on top of the water to keep the level of oxygen at a mini¬ 
mum. The storage tank arrangement is manufacturer specific depending on the desired 
water chemistry. 

Stator Cooling Water System—Hydrogen Detraining Tank Level. 

Since no stator cooling water system is leak-free, there will be some ingress of hydro¬ 
gen (i.e., permeation of hydrogen through Teflon hoses) and natural collection of other 
gases such as oxygen in the stator cooling water system. A means for venting off these 
gases is required. Generally, the excess gases are vented to the atmosphere. In some 
systems, the venting process is monitored or measured and in other systems there is no 
monitoring. This is manufacturer specific. 

Raw Service Water Inlet Pressure to Stator Cooling Water Coolers. 

The service water inlet pressure to the stator cooling water coolers is monitored to en¬ 
sure continuous flow of raw cooling water to the coolers, and ensure proper heat re¬ 
moval from the stator cooling water. 

Low raw water inlet pressure to the stator cooling water coolers is an indication of 
low flow to the coolers, which will affect the cooling of the stator cooling water. Low 
service water flow to the stator cooling water coolers may be caused by either a failure 
of the service water supply pump or a large leak before the coolers. Low pressure/flow 
to the stator cooling water coolers will result in reduced cooler efficiency and cause the 
stator cooling water temperature to rise. 

Raw Service Water Inlet Temperature to Stator Cooling Water Coolers. 

Raw service water is circulated through the stator cooling water coolers on one side, to 
remove the heat from the stator cooling water flowing through the other side of the 
heat exchanger. 
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The service water inlet temperature to the stator cooling water coolers is monitored 
to maintain the correct stator cooling water inlet temperature to the stator winding. It is 
also monitored for comparison to the service water outlet temperature of the coolers 
and subsequent determination of the differential temperature. This allows an estima¬ 
tion of the cooler efficiency. 

High service water inlet temperature to the stator cooling water coolers usually oc¬ 
curs in the summer months. If the temperature of the inlet service water is too high, it 
can cause a reduced-efficiency problem in the cooler. This will result in the tempera¬ 
ture of the stator cooling water rising above its normal operating level. 

Raw Service Water Outlet Temperature from Stator Cooling Water 
Coolers. The raw service water outlet temperature is monitored to assist in detect¬ 
ing problems with the stator cooling water coolers. The service water outlet tempera¬ 
ture should be proportional to the inlet service water temperature. 

Low service water flow to or in the stator cooling water coolers will cause high out¬ 
let water temperature due to reduced efficiency of the coolers. This will result in the 
temperature of the stator cooling water to rise above its normal operating level. The 
low-flow condition may originate from silting or fouling of the cooler tubes. 


REFERENCES 

1. G. S. Klempner, “Expert System Techniques for Monitoring and Diagnostics of Large 
Steam Turbine Driven Generators,” lEEE/PES Winter Power Meeting/Panel Discussion Pa¬ 
per, New York, Febmary 1995. 

2. General Electric Company, “Generators for Utility and Industrial Applications,” GE Indus¬ 
trial Power Systems, GET-8022, October, 1992. 

3. C. C. Carson, S. C. Barton, and R. S. Gill, “The Occurrence and Control of Interference 
from Oil Mist in the Detection of Overheating in a Generator,” presented at lEEE/ASME/ 
ASCE Joint Power Generation Conference, Los Angeles, September 1977. 

4. S. C. Barton, C. C. Carson, W. V. Ligon Jr., and J. L. Webb, “Implementation of Pyrolysate 
Analysis of Materials Employing Tagging Compounds to Locate an Overheated Area in a 
Generator,” presented at GER-3238, IEEE PES Summer Power Meeting, Portland, OR, July 
1981. 

5. IEEE/ANSI C50.13-1989, “Requirements for Cylindrical-Rotor Synchronous Generators.” 

6. Electric Power Research Institute, Handbook to Assess Rotating Machine Insulation Condi¬ 
tion, EPRl Power Plant Series, Vol. 16, November 1988. 

7. H. G. Sedding, S. R. Campbell, G. C. Stone, and G. S. Klempner, “A New Sensor for De¬ 
tecting Partial Discharges in Operating Turbine Generators,” presented at IEEE Winter 
Power Meeting, New York, February 1991. 

8. H. G. Sedding, S. R. Campbell, G. C. Stone, G. S. Klempner, W. McDermid, and R. G. 
Bussey,“Practical On-line Partial Discharge Tests for Turbine Generators and Motors,” pre¬ 
sented at IEEE 1993 Summer Power Meeting. 

9. IEEE Std 1434-2000, “IEEE Trial-Use Guide to Measurement of Partial Discharges in Ro¬ 
tating Machinery.” 



REFERENCES 


331 


10. IEEE Std 115-1995, “IEEE Guide: Test Procedures for Synchronous Machines.” 

11. “Primer on Maintaining the Integrity of Water-Cooled Generator Stator Windings,” EPRI 
TR-105504, Project 2577, September 1995. 

12. EPRI-NMAC Tech Note, “Main Generator On-line Monitoring and Diagnostics,” Principal 
Investigator, G. S. Klempner, December 1996. 

13. IEEE Std 1-2000, “IEEE Recommended Practice—General Principles for Temperature 
Limits in the Rating of Electrical Equipment and for the Evaluation of Electrical Insula¬ 
tion.” 

14. IEEE Std 67-1990, “IEEE Guide for Operation and Maintenance of Turbine Generators.” 

15. IEEE Std 1129-1992, “IEEE Recommended Practice for Monitoring and Instrumentation of 
Turbine Generators.” 

16. ISO 7919-2 (1996), “Mechanical Vibration of Non-reciprocating Machines—Measure¬ 
ments on Rotating Shafts and Evaluation Criteria. Part 2: Large Land-Based Steam Turbine 
Generator Sets” (First Edition). 

17. IEEE Std 1434-2000, “Guide to the Measurement of Partial Discharges in Rotating Machin¬ 
ery.” 



6 


GENERATOR PROTECTION 


6.1 BASIC PROTECTION PHILOSOPHY 

The protection system(s) of any modem electric power grid performs the most cmcial 
function in the system. Protection is a system because it comprises discrete devices 
(relays, communication means, etc.) and an algorithm that establishes a coordinated 
method of operation among the protective devices. This is termed coordination. Thus, 
for a protective system to operate correctly, both the settings of the individual relays 
and the coordination among them must be right. Wrong settings might result in no pro¬ 
tection to the protected equipment and systems, and improper coordination might re¬ 
sult in unwarranted loss of production. 

The key function of any protective system is to minimize the possibility of physical 
damage to equipment due to a fault anywhere in the system, or from abnormal opera¬ 
tion of the equipment (overspeed, undervoltage, etc.). However, the most critical func¬ 
tion of any protective scheme is to safeguard those persons who operate the equipment 
that produces, transmits, and utilizes electricity. 

Protective systems are inherently different from other systems in a power plant (or 
for that matter any other place where electric power is present). They are called to op¬ 
erate infrequently, and when they do, it is crucial they do so flawlessly. One problem 
that arises from protective systems being activated infrequently is that they are some¬ 
times overlooked. This is a recipe for disaster. The most common reason for cata- 
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strophic failure of equipment in power systems is the failure to operate or misoperation 
of protective systems. 

Purchasing, installing, setting/coordinating, and properly maintaining protective 
systems is not an insignificant expense. Therefore, the extent to which any device or 
electric circuit is protected depends on the potential cost of not doing so adequately. 
Electric power generators are most often the most critical electrical apparatus in any 
power plant. In fact, given the electrical proximity between the generator and the main 
step-up transformer (SUT), these two most important apparatuses share some of the 
protective functions. Given the prohibited cost of replacing any of these two—in par¬ 
ticular, the generator—significant expense goes into providing the most comprehen¬ 
sive protection coverage. 

Protection is considered by many to be an art as much as a science. Although the 
basic protective components are well known, and the commonly used settings for 
those devices are spelled out in a number of standards and other widely available liter¬ 
ature, the particular combination of protective relays, settings, and coordination 
schemes are particular to every site. Therefore, it is impossible to describe or prescribe 
a single protective system for generators. The description we attempt here is of the 
most commonly encountered protection arrangements and functions. 

Protection systems can be divided into systems monitoring current, voltage (at the 
machine’s main terminals and excitation system), windings, and/or cooling-media 
temperature and pressure, and systems monitoring internal activity, such as partial dis¬ 
charge, decomposition of organic insulation materials, water content, hydrogen impu¬ 
rities, and flux. Protective functions acting on the current, voltage, temperature, and 
pressure parameters are commonly referred to as primary protection. The others are re¬ 
ferred to as secondary protection or monitoring devices. Secondary functions tend to 
be monitored in real time or on demand. For instance, hydrogen purity is monitored 
online in real time, whereas water content (for water leaks) is not. Temperature detec¬ 
tors (RTDs or thermocouples) on bearings (and sometimes on windings) may be mon¬ 
itored online in real time, or they may not. Furthermore, these functions may more of¬ 
ten than not result in an alarm, rather than directly trip the unit (e.g., core monitors). 
The discussion of where and when to use these monitoring devices and how to set 
them is provided in Chapter 5. To the primary protective functions monitoring cur¬ 
rents, voltages, temperatures, and pressures there can be added the mechanical protec¬ 
tive function of vibration. Typically, vibration will alarm, but it can also be set to trip 
the unit. Protection functions can also be divided into short-circuit protection func¬ 
tions. The short-circuit protection comprises impedance, distance, and current differ¬ 
ential protection. 


6.2 GENERATOR PROTECTIVE FUNCTIONS 

Protection devices are designed to monitor certain conditions and, subsequently, to 
alarm or trip if a specified condition is detected. The condition is represented by a 
function or protective function code. Thus, there is a relay for every protective func¬ 
tion. If a relay only monitors and, thus, protects against a single set of conditions, it is 
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said that the relay is a “single-function device” (see Fig. 6.1). In the past, most relays 
were single-fimction devices. With the advent of solid-state electronics, manufacturers 
have combined several functions in one unit or device. These “multifunction” relays or 
protective devices (see Fig. 6.2) offer specific protective functions designed for certain 
types of apparatus. Some multifunction relays are dedicated to transformers, others to 
motors, and others to generators. Advances in solid-state electronics have led to less 
costly devices. Today, a multifunction solid-state device with, for instance, five pro¬ 
tective functions, is less expensive than five separate relays for five protective func¬ 
tions. 

The number of functions covered by different relays and the number of multifunc¬ 
tion devices are decided by, among other things, the expected losses of all the protec¬ 
tive functions covered by the multifunctional relay if that particular device becomes 
faulty. A multifunctional relay containing all the protective functions required for the 
protection of a generator can be combined with a few discrete relays providing backup 
protection for critical functions. Alternatively, two or more multifunctional relays can 
be applied, providing partial or comprehensive redundancy. There are many combina¬ 
tions of these discrete and multifunctional relays that can be adopted, depending on 
when the power plant was build, the size of the units, system conditions, the idiosyn¬ 
crasy of the designer, and many other factors. Figure 6.3 shows a typical generator 
protected by a multifunctional digital protection system. 

Relays or protection devices are divided into two categories according to how they 
process data. The first category is that of analog relays; the second is that of numerical 



Fig. 6.1 Single-function generator protective device (Easier BE1-25 Synk-check re¬ 
lay). 
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Fig. 6.2 Multifunction generator protective relays from two different manufacturers. 
Top: Basler’s BE1-GPS100 relay. Bottom: GE’s DGP digital generator protection relay. 


(also called digital) relays. Bear in mind that a relay can be electronic but still process 
the data in an analog manner. The advantages of numerical processing are various. Ac¬ 
curacy is enhanced. So is flexibility in use. For instance, a numerical relay offers user¬ 
shaped protection widows such that the user can change the shape of the 
operation/nonoperation areas for a specific function of the relay. Furthermore, the 
shape of the region of operation may change according to system conditions (adaptive 
function). 

Finally, there is rather a new—still evolving—approach (from the early 1990s) for 
protecting large generating units by the so-called expert protection systems. The idea 
is to protect the unit based not only on the basic protective functions (given in Section 
6.3), but also as a combination of protective and monitoring data and built-in expertise 
in the form of diagnostic prescriptions. Invariably, building the expertise base of these 
systems consists in expressing probable causes for a particular combination of symp¬ 
toms, expressed as a probabilistic tree. Southern California Edison, Houston Lighting 
and Power (with Texas A&M), Ontario Hydro, and EPRI are but a few power produc¬ 
ers that have developed these types of software in North America. 



6.3 BRIEF DESCRIPTIONS OF PROTECTIVE FUNCTIONS 


337 



Fig. 6.3 Multifunction generator protection device, Beckwith M-3410A. (Reproduced 
with permission from Beckwith Electric Co.) 


A number, according to a worldwide-accepted nomenclature, identifies protective 
functions. The functions shown in Table 6.1 are typical of generation protection [1,2]. 

A number of the functions included in Table 6.1 are so important that they will al¬ 
ways find their way into the protection scheme of any generator (e.g., 25, 59, 87). Oth¬ 
ers may be omitted in some applications (e.g., 49). The larger and more expensive the 
generator, and the more critical the application, the more comprehensive is the protec¬ 
tion applied to protect it from abnormal operating conditions or faults. As explained 
above, for most large machines, some of the applied protective functions are covered 
by more than one relay or protective device. 


6.3 BRIEF DESCRIPTION OF PROTECTIVE FUNCTIONS 

It is beyond the scope and purpose of this book to go into a detailed description of each 
protective function and the various schemes that incorporate them into a generator’s 
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Table 6.1 Generator protective device function numbers 

Device 

number Function 

15 Synchronizer 

21 Distance protection; backup for system generator zone phase faults 

24 volts/hertz protection for the generator 

25 Sync-check protection 

27 Undervoltage 

32 Reverse power protection; antimotoring protection for generator (and associated 

prime mover) 

40 Loss-of-field protection 

46 Stator unbalanced current protection 

49 Stator thermal protection 

50B Instantaneous overcurrent protection used as current detector in a breaker-failure 

scheme 

51GN Time overcurrent protection; backup for generator ground faults 
51TN Time overcurrent protection; backup for ground faults 

51V Voltage-controlled or voltage-restrained time overcurrent protection; backup for 

system and generator zone phase faults 

59 Overvoltage protection 

59BG Zero-sequence voltage protection; ground fault protection for an ungrounded bus 
59GN Voltage protection; primary ground fault protection for a generator 

60 Voltage balance protection; detection of blown potential transformer fuses or 

otherwise open circuits 

61 Time overcurrent protection; detection of turn-to-turn faults in generator windings 

62B Breaker failure protection 

64F Voltage protection; primary protection for rotor ground faults 

78 Loss-of-synchronism protection; not commonly used as part of the generator 

protection package 

81 Over- and underfrequency protection 

86 Fland-reset lockout auxiliary relay 

87B Differential protection. Primary phase-fault protection for the generator 

87GN Sensitive ground fault protection for the generator 

87T Differential protection for the transformer; may include the generator in some 

protective schemes 

87U Differential protection for overall unit protection of generator and transformers 

94 Self-reset auxiliary tripping relay 


protection package. Instead, a basic description of the protective functions and their 
application will follow. For those readers interested in an in-depth discussion on the 
topic, a good place to start is reference [1]. See also references [11,12]. For the same 
reason, no specific values are recommended for setting protective relays. These values 
oftentimes depend on the particular machine and system to which it is connected. 
There are numerous sources for information on the setting of protective relays. The 
manufacturers’ manuals are one good place to start. Others are provided in the Refer¬ 
ences section at the end of this chapter. 
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6.3.1 Synchronizer and Sync-Check Relays (Functions 15 
and 25) 

The combination of function (15) with function (25) provides the means by which the 
unit can be brought up to speed automatically and synchronized to the system. Before 
doing so, the amplitude of the voltages of the system and generator terminal must be 
within a narrow margin so that the breaker can be closed. So must be the angle of the 
terminal and system voltages. The slip, which is the frequency difference between the 
machine and the system, must be lower than a given value. Almost always, two relays 
are provided: the synchronizer and the sync-check. This division of labor is based on 
the need to avoid the destructive results of synchronizing a unit out of step due to the 
failure of a single protective device. 

In older installations, mainly those with steam-driven units, it is customary to start 
and bring the unit up to speed under manual control. Closing the breaker is done 
manually while the sync-check relay monitors all voltages, vector angles, and fre¬ 
quencies, making sure they are within their prescribed values. Infrequently, some op¬ 
erators close the breaker by keeping the “close” button depressed when the unit is 
brought to the right speed and voltages, allowing the angle to be taken care by the 
sync-check relay. This practice has resulted in more than one unit synchronizing out 
of step due to a failure of the relay (function 25). The failure can be catastrophic. 
Thus, it is imperative that during manual operation the actual breaker-closing signal 
be sent when the conditions for synchronization are met, leaving the sync-check sys¬ 
tem as a backup device, as it is supposed to be. Figure 6.4 shows a discrete sync- 
check relay. 

6.3.2 Short-Circuit Protection (Functions 21,50, 51,51V, and 87) 

These functions are designed to protect the unit against short circuits in or outside the 
windings of the alternator. Outside faults can be in the system close to the station’s 
busses, on the main unit transformer or auxiliary transformer(s), on the cable, segre¬ 
gated busses, or insulated phase busses (IPB), between the alternator and the trans¬ 
formers, or on the alternator’s windings. In large units, the IPB is designed to reduce 
any short circuit between the generator and main and auxiliary transformers to a single 
phase-to-ground fault. This is possible because of the high-impedance grounding of 
the machine and the fact that all transformers connected to the generator are delta con¬ 
nected on the generator’s side, which results in ground faults of very low currents. 
However, a “benign” single-ground fault inside the generator can develop into a high¬ 
ly destructive phase-to-phase short circuit, and this is the main reason why ground 
faults inside the generator ought to trip the unit promptly. 

Function 51V is a voltage-controlled overcurrent relay that provides voltage control 
to differentiate between a low-current fault and a normal or abnormally high load con¬ 
dition. 

To some extent, most of these functions back each other up. Thus, occasionally 
some are omitted. Additionally, current-based relays are backed up in the detection 
of short-circuit events by some voltage-based relays. A typical case is seen in the 
ground-fault detection scheme of the generator with high-impedance grounding via a 
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Fig. 6.4 Single-function generator synchronism check device (GE’s MLJ digital syn¬ 
chronism check relay). 


transformer (see Fig. 6.5). Figure 6.6 shows the type of cubicle that may house this 
configuration and the cable connection from the generator neutral point to the 
grounding transformer. The differential protection function (87) is the most critical as 
it provides protection against the very serious phase-to-phase short circuits. 
Normally, there are at least three protected areas, each one covered by its own func¬ 
tion 87 relay. The first one covers the generator itself, the second covers the auxiliary 
transformer, and the third covers the main transformer, generator, and low-voltage 
side of the auxiliary transformer. Each function 87 scheme utilizes a dedicated set of 
current transformers. 

The ground-protection schemes in use today often incorporate a third-harmonic 
function. This addition to the standard overvoltage and/or overcurrent relays is based 
on the fact that during normal operation of the generator, a given amount of third-har¬ 
monic voltages are present, and during a ground fault these third-harmonic voltages 
are considerably reduced. This fact is used for protection of the third of the generator’s 
winding close to the neutral, where ground faults tend to generate very small neutral 
currents (and, hence, may not be detected by the neutral overvoltage or overcurrent 
protection). Third-harmonic protective devices must be tested periodically, the same as 
any other protective functions. 

In some instances, no overload protection is provided, other than alarming and ex¬ 
pected operator intervention. In others, function 51 relays are provided that will alarm. 
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Fig. 6.5 High-impedance grounding showing the main overvoitage protection (func¬ 
tion 59N) and the backup overcurrent (function SIGN). (Reproduced with permission 
from Beckwith Eiectric Co.) 


and then trip the unit under overload conditions. The overload can be extremely oner¬ 
ous if allowed to continue beyond the withstand capabilities of the windings. Refer¬ 
ences [5 and 6] discuss this in detail. 

As explained above, the scope of this book does not include protective setting rec¬ 
ommendations. For the reader interested in learning about generator ground protection 
and overload protection, a good place to start is references [3, 5, 6]. 

6.3.3 Volts/Hertz Protection (Function 24) 

As explained in Chapter 4, Sections 4.1.13 and 4.4.8, core damage due to overfluxing 
is a rare event. However, when severe overfluxing occurs, the most probable result is 
partial or complete destruction of the core’s insulation, with the consequential need to 
replace it. Therefore, it is critical that V/Hz protection be applied and properly set. Al¬ 
most invariably, the cases of severe overfluxing occur during run-up, prior to synchro¬ 
nization. One vital component in all V/Hz schemes for any turbo-generator is double¬ 
feeding from two independent potential transformers (PTs). Otherwise, loss of a single 
PT connection may give the excitation system wrong information about the terminal 
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Fig. 6.6 Example of a neutral grounding scheme and actual cubicle where the neutral 
grounding transformer is located. 


voltage, forcing the field current (and terminal voltage) beyond the V/Hz capability of 
the machine. 

It behooves the operator of the turbogenerator to follow OEM instructions in setting 
the overexcitation relays (function 24). However, a good independent guideline is pro¬ 
vided by ANSI/IEEE Standard C.37.106 [4]. 

Figures 6.7, 6.8, and 6.9 show the damage that can result from an overfluxing event. 
The unit shown in the figures required restacking of the core with new laminations, 
rewinding of the stator, and extensive metal removal from the rotor, as well as one new 
retaining ring. However, in addition to expensive repairs for the damage described, the 
loss of production was considerable. It took a number of months before the unit could 
be returned to service. 

6.3.4 Over- and Undervoltage Protection (Functions 59 and 27) 

As explained in Section 6.3.2, some voltage relays are used for short-circuit protection 
(on the neutral of the generator, function 59GN). Overvoltage relays are also used as 
backup to function 24 during normal operation of the machine. During start-up, func¬ 
tion 59 will not provide backup to function 24 because a V/Hz condition can readily 
develop during run-up, even while the terminal voltage is below its rated value. 

The undervoltage relays are mainly installed for the purpose of identifying loss of 
PT voltage or to identify dead-bus conditions for certain alignments. 
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Solidified molten core 
material emerging from | 
the back of the core 
thru the vent ducts 


Fig. 6.7 Damage due to an overfluxing event, back-of-core view. This 2-pole, 500 
MW, hydrogen-cooled machine underwent a 16-sec overfluxing event of about 130% 
V/Hz during start-up. After being synchronized to the grid and loaded, it tripped sever¬ 
al hours later on stator ground-fault protection. Inspection of the unit revealed exten¬ 
sive amounts of solidified molten core material. The damage to the core due to the 
overfluxing event started in a number of damaged spots in the core. The molten metal 
tends to solidify rapidly once it reaches the gas gap due to the flow of cooling hydro¬ 
gen. Then it is pushed from behind by more iron being melted. The solidified metal in 
the gap now starts cutting into the rotor components. Thus, the damage to the unit 
goes well beyond the stator. 


6.3.5 Reverse Power Protection (Function 32) 

This protective function trips the unit when power flows from the grid to the generator. 
In this situation, depending on the generator’s field condition, the alternator is driven 
as a synchronous or induction motor. If it is driven as an induction motor, slip-frequen¬ 
cy currents will be established in the rotor, potentially damaging damper windings, 
wedges, retaining rings, and forging. This phenomenon is discussed elsewhere in this 
book. However, in either case, the reverse power condition may adversely affect the 
integrity of the prime mover. 

Of all the prime movers, steam turbines are the most sensitive to motoring. They 
also happen to operate on less power input (only a few percent of rated load, compared 
to combustion turbines requiring up to 50% of rated power). For these reasons, steam- 
driven generators require sensitive settings for the reverse power relays (function 32), 
plus some additional protection that may be indicated. A very good discussion of the 
subject is found in reference [1]. 
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Molten core 
material flowed 
Into the bore 
area damaging 
the rotor 


Melted resin from coll Insulation 
flowed out of the slot in the 
region where the melted core 
j iron reached the stator bar, 
eventually failing it to ground 


Fig. 6.8 Damage due to an overfluxing event, bore-view. This is the same machine as 
in Figure 6.7, showing the view from the bore. Molten iron flowed in both directions 
and in a number of locations along the core. The machine eventually tripped on stator 
ground fault once the molten iron reached one of the stator conductor bars, overheat¬ 
ing the ground-wall insulation and causing its failure.) 



Groove in the retaining 
ring caused by solidified ^ 
molten core iron that I 
flowed into the bore area 


Fig. 6.9 Damage to the retaining rings of the machine shown in Figures 6.7 and 6.8. 
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6.3.6 Loss-of-Field Protection (Function 40) 

There are a number of events that may result in an accidental removal of the source of 
excitation to the generator. This can happen for both brushless and externally excited 
units. For instance, an unplanned opening of the field breaker, a failure of the exciter, a 
flashover in the brush rigging, a failure of the automatic voltage regulator (AVR), and 
a short circuit in the field winding, can all result in a loss-of-excitation condition. 

When a generator loses its excitation during normal operation, its speed increases 
by up to 3 to 5%. The amount of speed increase depends on the generator’s load prior 
to losing its excitation. A lightly loaded unit will experience a much smaller increase 
in speed than one fully loaded. Additionally, the stator current will normally increase 
because the generator without its field will operate as an induction machine, receiving 
its excitation VARs from the network. Accordingly, the stator current may increase by 
up to 100% of its nominal value. 

The onerous effects of the increase in line current will be aggravated by the over¬ 
heating of rotor components; by the currents induced in the forging and damping wind¬ 
ing, if present; and by the overheating of the stator core-end regions. A fully loaded 
unit that loses its field may experience serious damage very quickly under these condi¬ 
tions. Therefore, the protection against loss-of-field occurrences is set to alarm and trip 
the unit relatively quickly. 

The most widely utilized method of protecting against loss-of-field conditions is 
that relying on impedance elements. It is based on the fact that the impedance seen 
from the terminals of the machine follows a distinctive pattern when the field is lost 
(see Fig. 6.10). Sometimes two relays are used, each looking at the impedance within a 
different region of operation, so that a loss-of-field condition is captured regardless of 
the level of prefault loading. Sensing the field current directly or sensing the VAR 
power flowing into the generator is sometimes used for the alarm and trip, but mainly 
for the alarm and rarely as primary protection. 

There are different requirements for designing and setting a protection system 
against loss of field, depending on the type of machine arrangement (tandem, cross¬ 
compound, double winding, etc.). A discussion can be found in references [1, 8, 9, 10]. 

6.3.7 Stator Unbalanced Current Protection (Function 46) 

There are a number of incidents that may result in unbalanced three-phase currents at 
the terminals of an alternator, for instance, unbalance loads, single-pole opening of a 
breaker, asymmetrical transmission systems (without or with insufficient transposi¬ 
tion), and open circuits. As explained in Chapter 4, Section 4.4.2, unbalanced currents 
will result in negative-sequence current components flowing on the rotor forging sur¬ 
faces, retaining rings, rotor wedges, and to some extent in the field windings, in partic¬ 
ular, the amortisseur. These rotor negative-sequence currents have the potential of gen¬ 
erating high temperatures within seconds, with severe detrimental effects to specific 
areas of the forging and other rotor components. Figure 6.11 shows one such area in 
the case of body-mounted retaining rings. However, rotors with spindle-mounted re¬ 
taining rings are also susceptible to damage by negative-sequence currents. 
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Fig. 6.10 Impedance trajectories followed by a loss-of-field event, depending on the 
load state of the unit prior to the occurrence, as seen at the terminal of the generator. 
(From Charles Mozina, Power Plant “Florror Stories,” reproduced with permission from 
Beckwith Electric Co.) 
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Fig. 6.11 Arrangement of a body-mounted retaining ring and the surface-flowing 
negative-sequence currents. The detail shows one of the areas susceptible to dam¬ 
age: the locking-ring interface between retaining ring and wedges. 
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Generators must meet minimal requirements for sustaining unbalanced currents 
without damage. These requirements are spelled out in ANSI C50.13 [5]. The protec¬ 
tion against unbalanced currents is implemented by using overcurrent relays that mea¬ 
sure negative-sequence components. Electromechanical relays provide basic protec¬ 
tion against most negative-sequence current conditions. However, digital relays allow 
setting the protected region of operation in such a way that closely matches the with¬ 
stand capability of the protected generator. This allows a more sensitive and discrimi¬ 
natory approach. 

6.3.8 Stator and Rotor Thermal Protection (Function 49) 

There are a number of conditions that may result in elevated temperature inside the 
generator. Presently available techniques allow one to directly monitor temperatures of 
the stator winding, core, and cooling media. Monitoring of rotor winding temperature 
is done by measuring field voltage and current, then calculating the rotor-field resis¬ 
tance and comparing the obtained resistance with a known value of ohms at a known 
temperature. Conditions that may result in higher-than-normal temperatures are over¬ 
load, core hot spots, bent laminations swelling into vent ducts, winding failures, and 
cooling failure (clogged filters in air-cooled machines, lack of hydrogen pressure or 
failure of the hydrogen cooling system in hydrogen-cooled generators, and water 
blockage or other failure of the water cooling system in water-cooled units). There are 
other conditions that may result in higher temperatures, such as unbalanced currents; 
however, these are detected and protected by other protective functions, so they are 
discussed elsewhere. 

In addition to the design limits of each machine (based on such things as tempera¬ 
ture rise class and class of insulation), there are ANSI guidelines regarding minimum 
withstand capability requirements under overload conditions. These requirements are 
given in ANSI C50-I3 [5]. For instance, at 130% overload, the machine should be able 
to operate without damage for a minimum of 60 seconds. These numbers show that 
once in an overload condition, the time available to remove the dangerous situation is 
quickly reduced. 

Typically, generators have a number of RTDs (resistance temperature detectors) 
embedded in their stator windings, with a minimum of two per phase. In some designs, 
these RTDs are wired to the control room via SCADA or DCS. In manned stations (all 
large turbogenerators fall in this category, with exception of some “peaking” units), 
the winding RTDs are used for alarming (overcurrent protection is used for high and 
sudden overload conditions). In unattended stations (mainly smaller machines), the 
output from the RTDs may be used to remotely alarm and to control and/or trip the 
unit. In the United States, the standard RTD has a resistance of 25 ohms at 25°C. When 
the RTDs are installed during original manufacture, the OEM will place the proper 
RTD. However, if for any reason RTDs are installed by the operator (e.g., during a 
partial rewind or any other overhaul), the RTDs must match the operating temperature 
of the winding. This temperature will most likely be related to the temperature class of 
the unit and the insulation class. 



348 


GENERATOR PROTECTION 


Some manufacturers of direct hydrogen-cooled stators omit the embedded RTDs. In 
lieu of them, they install a number of RTDs monitoring the hydrogen paths in the sta¬ 
tor bars (in addition to other RTDs monitoring other areas along the machine’s gas 
flow path). The RTDs monitoring the flow of gas in the stator bars are normally in¬ 
stalled in the exit boxes at the end windings. If any overheating occurs in a bar or sec¬ 
tion of the winding, some RTDs will pick up the excess temperature in the gas flowing 
in that region. During troubleshooting activities carried out on a number of hydrogen- 
cooled units with directly cooled stators, the authors ascertained that the existence of 
embedded RTDs, in addition to the gas-flow RTDs, made it easier to determine the lo¬ 
cation of the faults in the coils. Therefore, it is not a bad idea to specify generators with 
embedded RTDs (a minimum of two per phase) for those machines with gas-path-flow 
RTDs. All RTDs should be monitored, including the embedded ones. 

Another way to monitor onerous temperatures in the stator is by applying tagging 
compounds. This technique can also be used to alarm for developing core problems. 
These tagging components may be used in hydrogen-cooled machines in which a core 
monitor is installed. More about this can be found in Chapter 5. Core monitors have 
the ability to monitor and alarm against deterioration of the field winding due to over¬ 
heating. 

Recall that for rotor winding, the only method of estimating the temperature rise of 
the winding is by measuring the field voltage and current at the collector, and compar¬ 
ing the calculated resistance thereof with a known value at a known temperature. This 
technique is restricted to those machines with collector rings (external excitation). One 
method commonly used is to monitor the excitation current. As the excitation current 
exceeds certain nominal value, relays time the duration of the occurrence and trip the 
unit as soon as a certain setting is reached. The time-current characteristics followed 
by the protection try to match the withstand curves for short-time field overloading as 
contained in ANSI C50.13 [5]. 

6.3.9 Voltage Balance Protection (Function 60) 

The main function of the voltage balance relay is to avoid false tripping of other pro¬ 
tection relays due to a loss of secondary voltage feed, for instance, by a blown poten¬ 
tial transformer (PT) fuse. Voltage balance schemes are possible in most modem 
and/or large generators because such units have at least two PTs feeding the protection 
and monitoring systems. The voltage balance relay senses and compares the secondary 
voltage of different PTs, and when it determines that a “blown-fuse” situation arises, it 
blocks the operation of certain voltage-controlled relays and alarms. Figure 6.12 shows 
two PTs being monitored by a voltage balance relay. 

In those older alternators (or small units) in which only one PT feeds the protective 
and excitation systems, it is still possible to sense and alarm for a blown-fuse condi¬ 
tion. This is attained by using a scheme that compares negative-sequence voltages in 
the secondary of the PT (which will arise as a consequence of a primary fault or a 
blown-fuse condition), with negative currents in the secondary of the current trans¬ 
former (CT). If negative-sequence currents are not present, it indicates that a fault in 
the primary system did not occur, and thus it must be a blown-fuse condition. This 
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Fig. 6.12 Schematic of two potential transformers (PTs), also called voltage trans¬ 
formers (VTs), feeding two circuits: protection and excitation of a generator. The volt¬ 
age balance relay (60) monitors the three-phase secondary voltages off the PTs. 


voltage/current negative-sequence comparative function can be found in certain mod¬ 
em digital protective packages. Figure 6.13 shows such an arrangement. 

6.3.10 Time Overcurrent Protection for Detection of Turn-to- 
Turn Fauits (Function 61) 

The most common stator winding design for large turbo-generators is based on a sin¬ 
gle-turn arrangement. Smaller machines may have multitum windings. For such ma¬ 
chines with at least two parallel circuits, the “split-phase” protective scheme can be 
used for protection against tum-to-tum short circuits. In this scheme, the circuits in 




Fig. 6.13 Schematic of a generator with one PT feeding its protection and excitation 
system. The negative-sequence voltage balance relay (60 NS) monitors the three- 
phase voltages and currents fed from the PT and a CT. Loss of PT phase (“blown- 
fuse” condition) is achieved by sensing negative-sequence voltages but not negative- 
sequence currents (these would exist during a fault). 
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each phase are split into two equal groups and the currents in each group are com¬ 
pared. Any significant difference would indicate an intertum failure. Reference [5] 
contains a detailed discussion of this protective scheme and the various arrangements 
found in industry. The relays used are normally very inverse overcurrent relays and in¬ 
stantaneous trip combinations. 

Figure 6.14 shows the construction of a multi-turn stator coil by cross-sectional 
views. 

6.3.11 Breaker Failure Protection (Function 62B) 

Most faults involving the generator require tripping the line circuit breakers. Failure of 
any such circuit breaker to operate properly results in loss of protection and other ab¬ 
normal conditions, such as motoring. Adverse conditions arise also if only one or two 
poles of a line circuit breaker operates, for instance, resulting in energization from one 
line, or single-phase operation with the accompanying negative-sequence currents. 

Activation of a breaker failure scheme is carried out by a combination of triggering 
signals from the generator protective relays, overcurrent relays, and circuit breaker 
auxiliary switches, via a timer. Some modified schemes also include in their triggering 
circuit the trip signal from the neutral of the main step-up transformer’s overcurrent re¬ 
lay. This change is to protect against circuit breaker headflashover, which is when arc¬ 
ing occurs across the circuit breaker contacts due to high voltages. The protection is 



Fig. 6.14 Multiturn stator coil cross-section. The diagram on the left represents a 
general schematic cross-sectional view of a multiturn coil, whereas the photo on the 
right is an actual multiturn coil cross section. 
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designed to operate against the flashover of two poles. Figure 6.15 shows the function¬ 
al diagram of a simple breaker-failure protective scheme. 


6.3.12 Rotor Ground-Fault Protection (Function 64F) 

Rotor field windings are designed to operate ungrounded. As a result, a single short to 
ground, in theory, should not be reason for concern, because it will not interfere with 
the normal operation of the machine. However, the appearance of a second ground can 
be very detrimental to the operation of the generator, as well as to its integrity. In fact, 
the existence of one ground fault will make a second more probable, due to induced 
field voltages resulting from stator transients. Two coetaneous grounds may result in 
the following: 

• Unbalanced air-/gasgap fluxes with increased rotor vibrations 

• Unbalanced thermal heating of the rotor with increased vibrations 

• Fluctuating VARs and output voltage 

• Major damage to the forging by dc currents (dc currents are known to be able to 
produce arcs several inches long in the forging of a turbogenerator’s rotor during 
a double ground occurrence). There are enough cases documented of large rotors 
having to be replaced because of such events. 

There are a number of methods in existence for the detection, alarming, and/or trip¬ 
ping of generators due to field ground faults. Some methods use a voltage source, and 
others use a passive unbalanced bridge. In addition to IEEE C37.I02, one good refer¬ 
ence is the chapter on protection of the Westinghouse manual on applied protective re¬ 
laying [13]. 
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Fig. 6.15 Functional diagram of a generator breaker-failure scheme (from IEEE 
C37.102). 
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One can still find an older unit protected by an ac-source field-ground detection 
method. As shown in Figure 6.16, such methods can damage the noninsulated bearing 
of the generator if the grounding brush somehow becomes ineffective. To avoid this 
from happening, the newer designs have the ac source replaced with a dc or any one of 
the nonlinear resistor-based bridge methods (see Fig. 6.17). 

Generators with brushless excitation cannot be directly protected with the type of 
schemes shown above, due to the lack of collector rings. Many designs of such units 
use a set of small rings that periodically can be temporarily connected to brushes, via 
which the tests described above can be performed. For large generators, additional cir¬ 
cuits can be found that complement the basic schemes shown above. For instance, a 
circuit may be added to verify that the brushes are sitting on the rotor. 

6.3.13 Over-/Underfrequency Protection (Function 81) 

Chapter 4, Section 4.4.13, contains a discussion about the severe consequences to 
the integrity of the turbo-generator unit while operating even for very short times at 



Fig. 6.16 Path of capacitance-coupled currents (shown as thick arrows) flowing in 
the rotor and through the oil of an noninsulated bearing when the field ground-detec¬ 
tion scheme uses an ac supply and the grounding brush is not in operation. These cur¬ 
rents, over long periods of time, may result in bearing failure. 
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Fig. 6.17 Schematic representation of a ground-detection circuit using voltages de¬ 
veloped across a bridge during a field-ground event. The nonlinear resistor is included 
to artificially shift the neutral point so that a ground anyplace in the winding can be de¬ 
tected. 


frequencies higher or lower than nominal. Over- and underfrequency operation gen¬ 
erally results from full or partial load rejection or overloading conditions. Load re¬ 
jection can be caused by a fault in the system or load shedding. Overload conditions 
may arise from tripping a large generator or a transmission line. What frequency the 
machine will attain following load rejection or overload is a function of how much 
load has changed and the governor droop characteristics. For instance, a governor 
with a 5% droop characteristic will cause a 1.5% speed increase for a 30% load re¬ 
jection (speed change in percentage equals droop in percentage times load change per 
unit). 

As explained in Chapter 4, the manufacturers provide withstand curves that should 
be used in setting the function 81 relay. A very good discussion of over-/underfrequen- 
cy operation is given in ANSI/IEEE C37.106 [4]. Figure 6.18 shows an example of 
over-/underfrequency operating ranges and protective device settings. 

6.3.14 Out-of-Step Operation (Loss of Synchronism, Function 78) 

There are a number of reasons why a generator may lose synchronization to the system 
during operation. Regardless of the reason, loss of synchronization (being out of step) 





354 


GENERATOR PROTECTION 



Fig. 6.18 Example of over-/underfrequency region of operation and protective set¬ 
tings. (From Beckwith Intertie/Generator Protection M-3410A Instruction Manual, re¬ 
produced with permission from Beckwith Electric Co.) 


can have serious detrimental effects on the generator. The end windings and end wind¬ 
ings’ support are prone to damage and dislocation during such an event. Rotor and 
coupling damage is also possible. This condition is not too unlike the out-of-step syn¬ 
chronization discussed in Section 4.4.11. To minimize any harmful effects, the protec¬ 
tion should separate the generator from the system as soon as possible, preferably dur¬ 
ing the first half-slip cycle. 

Protection against the out-of-step condition is based on the fact that the apparent 
impedance, as seen at the generator’s terminals, changes in a predicted manner during 
an unstable condition (see Fig. 6.19). This is similar to the loss-of-excitation condition. 
However, the loss-of-excitation relay will not pick up every occurrence of an out-of¬ 
step condition because the apparent-impedance behavior is different for both condi¬ 
tions. Therefore, to fully protect against out-of-step conditions, a dedicated relay (or 
protective function within a multifunctional device) must be included in the protection 
package. 

Tripping the unit within the first slip cycle has major advantages in the case of an 
out-of-step event. This fast protective action tends to reduce considerably the very 
large oscillating shaft torque that can otherwise occur. For those readers interested 
in an elaborated discussion of this topic. Reference [14] provides a good starting 
point. 
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Fig. 6.19 Example of out-of-step region of operation and protective settings. (From 
Beckwith Generator Protection M-3425 Instruction Manual, reproduced with permis¬ 
sion from Beckwith Electric Co.) 


6.4 SPECIALIZED PROTECTION SCHEMES 
6.4.1 Protection Against Accidentai Energization 

In many instances, not enough attention is paid to the protection of the generator when 
the unit is offline. For example, protective devices that are crucial in avoiding disas¬ 
trous occurrences are left nonoperational. It is important that when the unit is offline, 
the protective relaying systems are kept operational, and if work is being carried out on 
them, any risk should be ascertained and mitigating action taken. 

One very onerous event that comes to mind is the inadvertent energization of the 
generator while offline at rest or on the turning gear. When a cylindrical rotor genera¬ 
tor (all turbo-generators are of cylindrical rotor construction) is energized while at rest 
or at very low speeds (e.g., on the turning gear), the equivalent impedance “seen” by 
the power system is the generator’s negative-sequence reactance in series with the neg¬ 
ative-sequence resistance. However, it can be shown that the negative-sequence reac¬ 
tance X 2 equals the subtransient reactance X’^. This low impedance causes currents of 
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up to 500% of nominal to rush into the unit when the main breaker closes. Obviously, 
these large currents can create havoc in the windings, in addition to the physical risks 
associated with the turbo-generator unit being accelerated in an unplanned manner (see 
Fig. 6.20 for damage to a rotor due to a sudden energization). 

One point that should be made here is that when a generator rotor is motored from 
standstill, the consequences for the rotor itself are far more severe than if the rotor is at 
speed and loses excitation. This is because at standstill the wedges and damper wind¬ 
ings are not in good contact with adjacent components and, therefore, the contact resis¬ 
tances that are present are much higher than if the components were at speed and mak¬ 
ing good contact with lower resistance. The overheating effect is, therefore, greater at 
zero speed due to higher resistive heating. In addition, the turbo-generator shaft system 
inertia has to be overcome to pull it up to speed and this further exacerbates the situa¬ 
tion by causing the currents flowing to be higher. The effect is like an induction motor 
starting from standstill; the starting currents in those machines may be as much as six 
times the running current. 



Fig. 6.20 Turbo-generator rotor subject to motoring currents due to sudden energiza¬ 
tion at standstill. The generator breaker was closed with no excitation on the rotor 
winding. The rotor was essentially being started as an induction machine as currents 
flowed In the forging, wedges, retaining rings, and so on. Not being designed for such 
currents, the rotor and most of its components were severely overheated. The rotor 
was basically destroyed. 
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There are several ways that a generator can be protected against this occurrence. 
The loss-of-field (function 40) and reverse power (function 32) relays can, under cer¬ 
tain schemes and settings, provide protection. Other schemes rely on directional over¬ 
current (0/C) relays, frequency-supervised overcurrent relays, distance relays, and 
system backup relays. Reference [1] provides a good discussion of the subject. 

6.4.2 dc Field Ground Discrimination 

Almost everyone involved in the operation of large turbine-driven alternators has had 
the opportunity to troubleshoot a ground in the dc circuit feeding the rotor field via 
collector rings. Invariably, these circuits have a type of ground-fault detector. These 
detect and alarm when one polarity’s insulation to ground is breached. These detec¬ 
tion systems do not discriminate between a ground inside the rotor and one anywhere 
in the plant, between generator and excitation source, sometimes located in a differ¬ 
ent deck. Discrimination can be really important. A ground inside the rotor should re¬ 
sult in the unit being brought offline in a short time. This is so because continuous 
operation risks another ground developing anywhere in the dc system, with the po¬ 
tential of extensive damage to the forging or other critical rotor components due to 
large dc currents. A ground in the area between the machine and the exciter also has 
the potential of developing into a second ground in the rotor, with same lamentable 
results. However, the odds are lower and, therefore, operators tend to keep the unit 
online until the ground is identified and perhaps cleared without the need of remov¬ 
ing the unit from operation immediately. Unfortunately, the overwhelming majority 
of units in operation do not have a system that allows discrimination between 
grounds on the rotor or outside the generator. In many older plants, contamination 
and humidity combined with old cables result in a series of very annoying dc 
grounds over the years. 

One such detection system was developed some 15 years ago by the R&D depart¬ 
ment of a large U.S. utility, and it has since been successfully installed on a number of 
units in and outside the utility. The system is based on the installation of a very sensi¬ 
tive Hall-effect current transformer around the dc leads feeding the generator, as close 
as possible to the collector rings, in addition to an electronic package that simulates 
grounds every few seconds, not unlike other commercially available devices. The sys¬ 
tem has proved to be able to detect a difference of about 20 mA between polarities in a 
bus carrying about 1500 amperes dc. In doing so, it can detect a ground inside the ro¬ 
tor, even a high-resistance ground, providing the operators the opportunity to make ra¬ 
tional decisions based on knowledge about the location of the fault. 

Figure 6.21 shows the device installed on the dc leads between the excitation break¬ 
er and the brush gear of a 400 MVA hydrogen-cooled, two-pole generator. Figures 
6.22, 6.23, and 6.24 show a Hall-effect pickup collar being tested on the bench and 
then installed on two large cross-compound units. Finally, Figure 6.25 shows a pickup 
installed on a 580 MVA, two-pole unit. 

As seen in the figures, the higher-rating units have specially manufactured coaxial 
copper busses on which the Hall-effect pickup devices are installed. The purpose of 
this arrangement is to obtain the maximum sensitivity possible. 




Fig. 6.22 First dc coaxial bus with a Flail-effect sensor strapped around it, on a test 
bench. On the front-left of the bench, the electronic package can be seen inside a 
transparent plastic box. 
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Fig. 6.23 A dc-coaxial bus and pickup installed on a 800 MVA unit, with directly wa¬ 
ter-cooled stator. The coaxial bus has been inserted just above the brush gear. 



Flo. 6.24 A dc coaxial bus installed on a 750 MVA, directly water-cooled generator. 
The coaxial bus is inside the brush-gear compartment, very close to the brushes (elec¬ 
trically speaking). 
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Fig. 6.25 A dc coaxial bus located on the side of the sole plate of a 580 MVA, hydro- 
gen-cooled generator. 

6.4.3 Vibration Considerations 

Vibration considerations are key to the proper functioning of any rotating machine. In 
particular, large turbo-generators are very much affected by vibration because the main 
rotating element—the generator’s rotor—is made of a number of critical components. 
(The detrimental effect of vibrations on the operation of the brushes is explained in 
Chapter 9.) High vibrations cannot only damage rotating elements but also the arma¬ 
ture winding, the core, and the frame. In short, every significant component in a gener¬ 
ator is prone to damage by excessive vibrations. 

Thus, it is as important to address the protection of the generator against excessive 
vibration as intensively as for other physical variables. However, as with the rest of the 
protection functions, no unique philosophy exists. In the United States, many operators 
follow criteria codify by IRD [15] in a set of curves widely distributed and readily 
available. Operators of large turbo-machinery may opt to follow ISO 7919-2 [16], 
written for steam-driven turbo-generators in excess of 50 MW. Gas-turbine sets are 
covered in Part 4 of ISO 7919. 

In all cases, the manufacturer of the generator provides, at the time of delivery of 
the unit, a set of vibration alarm and trip values. The manufacturer may also recom¬ 
mend following another standard regarding vibration behavior when ramping the unit 
up or down. 

Vibration analysis is a complex topic that requires significant knowledge and elabo¬ 
ration beyond the scope of this book. Thus, it is left to the reader to search additional 
sources. We provide a general idea of what those criteria measure in Figure 6.26, com- 
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Fig. 6.26 Comparison of the IRD Vibration Severity Chart with ISO 7919-2. The com¬ 
parison is made for a four-pole, 50 Hz machine (1500 rpm). Note that this is not a strict 
comparison, because in order to build this graph ISO’s peak-to-peak relative shaft dis¬ 
placement values were used. Absolute displacement yields somewhat higher values. 
IRD’s values, on the other hand, are for filtered readings taken on the bearing cap. The 
comparison is only for illustration purposes, to provide an idea of how the different re¬ 
gions are defined in each case. 
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paring the IRD chart with ISO 7919-2. Note that the comparison is not entirely fair be¬ 
cause each case uses different vibration criteria. 

6.4.4 Operation of the Isolated-Phase Bus (IPB) at Reduced 
Cooling and Risks from H 2 Leaks into the IPB 

In Section 2.11, a brief description was introduced about how the terminal boxes of 
medium- and large-rating generators are connected to the isolated-phase bus (also 
called iso-phase bus or IPB). It was also noted that in large machines, the IPB is al¬ 
most always forced cooled by one or, most often, two fans driven by induction mo¬ 
tors. The basic need for a bus to carry the generated power from the generator to the 
main step-up transformer is easily understood by looking at the typical value of sta¬ 
tor currents. For example, in the extreme case of a 2000 MV A unit, with terminal 
voltage of 25 kV, the stator current flowing through the terminals of the generator 
would be 46,188 amperes per phase. The only practical way of carrying this current 
is with bus ducts. By isolating the phases, the possibility of sustaining a very delete¬ 
rious phase-to-phase short circuit between transformers (main step-up and auxiliary) 
and the generator is made practically nil (this also requires effective deionizers at the 
generator end of the IPB). Another interesting fact not widely recognized by person¬ 
nel not directly engaged in the design of IBP systems is that the forces acting upon 
the busses from the interaction with the other phases are reduced by as much as 90% 
by the action of each phase enclosure, when compared with the forces developed if 
the enclosure were not present. 

There is no clear-cut MVA rating between units employing IPBs against those with 
cables. However, most units larger than 300 MVA will deliver their power into isolat¬ 
ed-phase busses. Also, there is no magic MVA rating that separates those with forced 
IPB cooling from those without it. However, most units with output currents of about 
25,000 amperes or more will have forced IPB cooling. In many instances, forced cool¬ 
ing may be found in units with IPB capacity as low as 15,000 amperes or so. The actu¬ 
al choice of at which rating to use force-cooled IPB depends on all those considera¬ 
tions mentioned above, plus capital costs and cost of IPB losses. Figure 6.27 shows a 
typical arrangement for a forced-cooled isolated phase bus. 

The cooling fans of a typical IBP are very reliable systems. The squirrel cage induc¬ 
tion motors are rugged, the load is constant, and operation is basically continuous. 
Thus, these motor-fan systems tend to operate reliably for most of the life of the plant. 
Nevertheless, on occasion, one of these motors can fail. In a single-motor application, 
this would result in complete loss of forced cooling. Most force-cooled IPBs have two 
independent motor-driven fans, and each one is sized to provide all the required cool¬ 
ing for full-capacity operation of the IPB. With the loss of the single motor, or the loss 
of both motors in an IPB with two such fans (for instance due to a loss of power to the 
motors), a partial derating of the IPB occurs. 

In addition to a loss of cooling fans, loss of cooling can be caused by a loss (or re¬ 
duction) of water flow to the heat exchangers. On the other hand, water flow may have 
to be stopped due to developing leaks. These leaks may elevate the humidity of the air 
enclosed in the IPB, increasing the likelihood of developing ground faults. 
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Fig. 6.27 Typical arrangement of a force-cooled IPB. 


The output limitations imposed on the generator by any of the aforementioned rea¬ 
sons depend on several factors such as length of IPB, design characteristics, and ambi¬ 
ent temperature (summer or winter). In addition, there may be other constraints that do 
not allow operation at reduced outputs for extended periods. In a typical example for a 
22 kV, four-pole unit with a rating of 1300 MVA, the rating of the IPB with all cooling 
systems in operation is about 34 kA amperes, whereas the rating without forced cool¬ 
ing is about 21 kA. Thus, loss of cooling in this case results in an IPB capacity reduc¬ 
tion roughly equal to 38%. The actual reduction in generator apparent output power 
may be less because, in general, the IPB’s maximum capacity is larger than the gener¬ 
ator’s maximum output by a certain margin, typically around 10%. These values are 
very specific to a particular design and station; the manufacturer should be consulted 
to find out what derating applies to in each specific case. 

An interesting spin off of forced cooling of IPBs is the issue of accumulation of hy¬ 
drogen in the IPB due to a leak from the generator into the IPB via the generator bush¬ 
ings. Part of the bushings are in the generator’s hydrogen environment, and part protrude 
into the IPB or CT compartment, which in many cases is an integral part of the IPB. 
There is no one common policy among stations about how to monitor H 2 concentration 
in the IPB. Some plants may employ H 2 detectors permanently installed in the IPB, 
whereas others may just use portable ones when circumstances call for that. In IPBs with 
forced cooling in operation, the air is quickly mixed along the IPB, reducing the possi¬ 
bility of H 2 accumulating to dangerous levels in any one area. In addition, force-cooled 
IPBs also maintain certain air exchanges with the environment (allowing air to ingress 
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via filters), so that global accumulation of H 2 in the IPB is basically limited to very low 
values. In the next section, it is shown how any station can calculate the rate of increase 
of H 2 in the IPB due to a given leak, when the forced cooling is in operation. 

6.4.5 Calculation of the H 2 Mix in the IPB for a Given H 2 Leak 
from the Generator into the IPB 

Before engaging in the calculation of the hydrogen mix, the significance of mixing hy¬ 
drogen with air in a confined space should be mentioned. As mentioned in other places 
in this book, a hydrogen-air mixture can be explosive when occurring in certain ratios. 

For ignition, the lower explosive volume concentration limit in air (LEL) is 4% for 
hydrogen. The upper explosive limit (UEL) is 74% for hydrogen. The energy needed 
to ignite an explosive mixture is very low. To ignite a hydrogen-air mixture near stoi¬ 
chiometric concentration, a spark of only 2 p,J would be sufficient. Open and unpro¬ 
tected electrical equipment could easily cause ignition, and so could static electrical 
discharges. From the aforementioned, it is obvious that hydrogen leaks, in particular in 
confined spaces like the iso-phase bus, must be taken very seriously. 

At this point, the reader is referred to Figure 6.28 to become acquainted with the 
various variables. 



Where: 


- Qa. Qh. Q are given in CFM (cubic feet per minute) or equivalent 

- V, Va, Vh, are given in CF or equivalent 

- Qa is the make-up flow of air into the IPB 

- Qh is the leak rate of the H 2 into the IPB 

- Q is the rate of flow out of the IPB (Q = Qa + Qh) 

- Va and Vh are the volumes of air and H2 in the IPB in any given 
time (V = Va + Vh) 

- R is the volume of H 2 in the IPB given in percent of total volume (R 
= Vh/V) 

Fig. 6.28 Model representation of air and Hg flow in the IPB. 
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Assumptions: 

• The makeup airflow and the rate of H 2 leak into the IPB are constants 

• At t = 0, the volume of the IPB is filled with air 

• The air and H 2 are mixed instantaneously (in fact, this will take at least the time 
that it takes the gas to circulate the entire IPB for the mixing to happen, on the 
order of a minute or so) 

System Constants: 

1. Makeup airflow. The makeup flow thru the IPB filter(s) can be measured with 
the help of an anemometer. It should be measured with a relatively clean filter. 
The value obtained can be taken as the highest makeup air flow. 

2. Volume of the IPB. The volume of the IPB must include all those areas that the 
air will flow through. 

3. Hydrogen leak rate into the IPB. This is the expected hydrogen leak rate from 
the generator into the IPB. For the calculation, sensitivity analysis can be made 
by taking a number of values. 

4. Average leak of hydrogen from the generator. This value is the typical H 2 leak 
rate from the generator in question. This may include the IPB, cooling water, 
through seals, and so on. Most stations have a good idea of the typical leak rate 
of the generators. This value could be taken as the highest value of the item 
above (H 2 leak rate into the IPB), because any higher leak rate becomes notice¬ 
able. 

From inspection of Figure 6.28, the following equations can be written: 


dVn = Qndt-Q(V^/V)dt 

(6.1) 

dVj^^Qj^dt-Q{VJV)dt 

(6.2) 


Equation (6.1) means that the change of hydrogen in the IPP equals the rate by 
which hydrogen leaks into the IPB, less the rate at which it escapes from the IPB. 
The rate of escape of the hydrogen depends on the ratio of H 2 /K at each instance. 
In the case of Equation (6.2), the same approach is used, but now for the makeup 
air. 

Equations (6.1) and (6.2) lead to Equations (6.3) and (6.4): 


Vk-V^ + [Q^-Q{V^/V)]dt 

(6.3) 

Vk-V^+[Q^-Q{VJV)]d 

(6.4) 


where Vh and equal + dV^ and Ka + dVjs^, respectively. 
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Additionally, Qp^, Qy^, and QIV are constant for a given H 2 leak and air makeup rate. 
Therefore, 


VA+V'p,-v^ +Va-V 


Replacing Va with V- and applying simple calculus yields the equation describing 
the H 2 buildup in the IPB as percentage of total volume: 



Oh 

Q 


1 - exp| 



The solution has two clear limits: a.tt = 0,R = 0 (no hydrogen in the IPB), and at t = 00 , 

R = 100 X (2^/0. 

From the equation above, graphs can be drawn to estimate H 2 buildup in the IPB. 
The graph in Fig. 6.29 is for a 1300 MVA machine with the following parameters: 


• IPB volume (F) = 8018 CF 

• Rate of makeup air (Qa) = 255 CFM 

• Daily “normal” H 2 leakage rate = 1500 CF = 10.4 CFM 

• Rate of FI 2 leak into the IPB (Qh) =10 times the daily “normal” leak rate = 10.4 
CFM 

As shown in Figure 6.29, with a FI 2 leak of ten times the “normal” leak of that unit, 
the LEL is never reached, though it comes close to it after about 66 hours. Please keep 
in mind this is a very specific example. Other units will certainly exhibit different be¬ 
havior. 

Figure 6.30 shows a more rational scenario than the previous one for the same ma¬ 
chine. In this case, the “normal” daily H 2 leak is assumed to go entirely into the IPB. In 
this case, the maximum mix reached is 0.4%, which is ten times lower than the LEL. 

Finally, Figure 6.31 shows the case of a H 2 leak into the IPB equal to five times the 
“normal” daily leak, together with an IPB filter 75% clogged. In this case, the LEL is 
reached in less than a day. 

Next, Figure 6.32 shows the case of a FI 2 leak into the IPB equal to the expected 
“normal” total leak. However, in this case the makeup air filter is completely clogged. 
In this hypothetical case, LEL is reached in 23 days. This case is not a realistic sce¬ 
nario, because it is hard to believe that no air will escape and be made up by new air 
during operation of a force-cooled IPB. However, it provides a good criterion for es¬ 
tablishing filter maintenance routines. 

By comparing the four cases shown above, it becomes obvious that maintaining 
good IPB ventilation (i.e., the filters should be unclogged) the risks posed by H 2 leaks 
into force-cooled IBPs are greatly reduced. Maintenance procedures of the IPB ought 
to include a periodic check of the filter(s). 
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MINUTES 


Fig. 6.29 Hg buildup in IPB with 10 times “normal” daily leak rate. 


With the IPB cooling fans out of operation (as during a long outage or due to power 
failure), the accumulation of Hj in certain IPB configurations might raise concerns of 
creating an explosive mixture. One way or another, stations, together with IPB manu¬ 
facturers, should address this problem, and establish maintenance and monitoring pro¬ 
cedures, if deemed necessary, to eliminate these risks. 

For illustration purposes. Figures 6.33 and 6.34 are included. Figure 6.33 shows a 
typical cooling station of a large IPB. Figure 6.34 shows a makeup air filter for the 
same IPB. 


6.5 TRIPPING AND ALARMING METHODS 

Earlier in this chapter, we discussed protective functions without reference to how ane 
actual trip or alarm is implemented. There are many different schemes used to trip a 
unit as the need arises. There are also many different choices as to when to alarm, 
when to trip, when to alarm and trip, and so forth. The choices are idiosyncratic; they 
depend on country, history, age of plant and equipment, and so forth. This book is not 
geared toward an exhaustive discussion of protection systems and philosophies. There- 
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Fig. 6.32 Hg buildup in IPB with 1 times “normal” daily leak rate and makeup filter 
100% clogged. 
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Fig. 6.34 Filter for makeup air for the IPB of previous figure. 


fore, only a nonpartisan listing of some of the elements that go into the decision mak¬ 
ing will be enumerated. 

Factors that could or should be taken into account when determining what type of 
trip should be implemented are as follows: 

• Flow onerous the fault can be to the generator and turbine 

• Flow onerous the fault can be to the power system 

• Overspeed risk posttrip 

• Fault spreading to other equipment 

• Need for maintaining auxiliary loads post-trip 

• Time required for restarting the unit 

• Need to trip the excitation 

• Need to trip the prime mover 

Depending on the answers to those questions, the following tripping decisions may 
be implemented: 

• Simultaneous Trip. Trips the turbine and trips the generator’s main circuit break¬ 
er and excitation circuit breaker. This trip provides the highest degree of protec¬ 
tion to the combined unit, but it allows for some overspeed, perhaps even high 
overspeed. 

• Generator Trip. The generator main breaker is tripped together with the excita¬ 
tion. This type of trip does not trip the turbine; thus, it must be employed only in 
those circumstances when overspeed is not expected beyond a very small 
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amount. The benefit is that it allows the unit to be restored to normal operation in 
a short time. 

• Circuit Breaker Trip. Trips the generator main breakers, but neither excitation 
nor turbine. The advantage of this type of trip is that it keeps the auxiliary trans- 
former(s) energized. It also allows the unit to be reconnected to the system in a 
short time. Overspeed risks must be taken into account. The fact that the auxil¬ 
iary load is maintained provides for certain control of overspeed and keeps the 
turbine in its allowed operating condition (with a minimum of load that most tur¬ 
bines require for maintained operation). 

• Sequential Trip. Trips the turbine first, then the generator is tripped by its reverse 
power relay/function. The opening of the line circuit breakers trips the excita¬ 
tion. This trip can prevent overspeed occurrences. It is strongly recommended 
when implementing this type of trip that backup protection for the reverse power 
relay be in place. 

• Manual Trip. The turbine is tripped manually. Then the generator trips by activa¬ 
tion of the reverse power relay, followed by the excitation trip, as in the case of 
the sequential trip. 

• Runback and Trip. Runback can be manual or automatic, depending on whether 
the generator monitoring and protection is set up for auto runback. In most cases, 
it is manual. The operator reduces power to the turbine (steam to the steam unit) 
to zero power or close to zero, and then follows with a sequential trip. This trip is 
the normal trip mode, and it is normally employed following an alarm that ne¬ 
cessitates the manual tripping of the unit. Some units may also activate an auto¬ 
matic runback trip by manual command of the operator. 

The following list is a sample of some of the more common protective actions that 
may be found for the various types of faults. These are not all inclusive and may not be 
what is used at any given plant. They are merely what is common practice. 

Electrical Faults 
Stator overcurrent 
Stator ground fault 
Stator phase-to-phase fault 
Volts/hertz 
Stator over-voltage 
Rotor shorted turns 
Rotor overheating 
Rotor ground 
Loss of excitation 

Mechanical and Thermal Faults 

Stator core local overheating Runback with eventual trip 

Bearing vibration excessive Sequential trip 

Synchronizing error Synchro-check relay protected 

Motoring Simultaneous, generator, or main breaker trip 

Loss of sew flow Runback (manual or auto), eventual sequential trip 


Manual or auto runback 

Simultaneous trip 

Simultaneous trip 

Simultaneous or generator trip 

Voltage restoration by field current runback 

Field current and/or load reduction 

Simultaneous or sequential trip 

Alarm (but small proportion sequentially tripped) 

Simultaneous or generator trip 
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Mechanical and Thermal Faults (cont.) 

Loss of seal-oil pressure Reduce pressure and load 

Hi sew conductivity Alarm and then runback and trip 


System Faults 
Unbalanced stator currents 
Loss of synchronism 
Abnormal frequency operation 
Main breaker failure 
Voltage surges 


Main breaker, generator, or simultaneous trip 
Main breaker, generator, or simultaneous trip 
Main breaker, generator, or simultaneous trip 
Main breaker failure protection 
Surge arrestors 
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INSPECTION PRACTICES 
AND METHODOLOGY 


7.1 SITE PREPARATION 

Site preparation is the first significant activity that should be carried out before in¬ 
specting a generator. Every inspection of a large machine—scheduled or not, long 
or short—requires a sensible effort toward site preparation. The goal is to minimize 
the risks of contaminating the machine with any foreign material or object, as well as 
to ensure a safe environment in which to perform the inspection. Site preparation 
should be planned ahead of time, and it should be maintained from the moment the 
generator is opened for inspection until it is sealed and readied for operation. Neglect¬ 
ing to prepare and maintain a proper working environment in and around the generator 
has the potential for resulting in undue risks to personnel safety and machine integrity. 

7.1.1 Foreign Material Exclusion 

Foreign material exclusion (FME), a term that originated in the nuclear industry, is the 
set of procedures geared to minimize the possibility of intrusion into the machine of 
foreign material before, during, and after the inspection. 

In principle, the definition of foreign material is anything not normally present dur¬ 
ing the operation of the generator that may adversely affect its constituent components 
if left there. For instance, although ambient air is not necessarily considered a foreign 
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material, the water content of the air is. Water definitely is an extraneous element that 
should be kept from condensing on the machine’s windings, retaining rings, and other 
parts susceptible to mechanical failure from corrosion, or from electric breakdown of 
the insulation. 

Preventing water from condensing onto the machine’s components can be readily 
accomplished by containing both stator and rotor under protective covers (e.g., tents). 
Tents or other forms of temporary shelter should be designed to withstand the ele¬ 
ments, and due thought must be given to rain and strong winds. It is not uncommon to 
see a tent with damaged canvas or insufficient retention to the frame allowing rainwa¬ 
ter onto the windings, causing unnecessary difficulties later when trying to dry the 
windings to obtain satisfactory insulation (“megger”) readings. In addition to a good 
cover, maintaining a flow of hot air is critical in preventing humidity from condensing 
on the windings, forging, retaining rings, and other components. The hot air and the 
positive pressure differential inside the tent eliminate the condensation of any signifi¬ 
cant amount of water (Figs. 7.1 and 7.2). Although the flow of hot air is normally sus¬ 
pended during the actual inspection for reasons of personnel comfort, thus allowing 
some condensation to occur, the subsequent flow of hot air will most probably evapo¬ 
rate the moisture and remove it from the containment area [1]. In lieu of hot air, cool, 
dry air is nowadays used in many stations, providing a comfortable working environ¬ 
ment, while still keeping the moisture out. 

It is important to perform any scheduled electric tests with dry windings. 
Otherwise, results obtained will not be representative of the winding condition under 
normal operating conditions. While attempting to “dry” a winding with the flow of 



Fig. 7.1 Typical hot-air blower. 
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Fig. 7.2 Lowering a protective tent onto the rotor of a large turbo-generator. 


hot air for the purpose of attaining desirable insulation resistance readings, the fact 
the windings are hot may cause the readings to be too low. It can be helpful at a cer¬ 
tain point to remove the hot air, allowing the temperature of the insulation to go 
down. If the winding has been subjected to hot air for a number of hours, reducing 
the temperature may result in higher insulation resistance readings. It is important, 
though, that when the hot air is removed, dehumidifiers be installed in the enclosure, 
and the last enclosure kept sealed as reasonably as possible. Obviously, when work¬ 
ing inside a building, the aforementioned requirements can be relaxed compared to 
those in stations with open turbine decks where the inspection and lay-down areas 
are in the open. 

It is also important not to inadvertently contaminate the generator with corrosive 
liquids such as solvents, certain oils, and so forth. Sometimes, extraneous fluids can be 
introduced by walking over them and then walking into the machine. Therefore, in sit¬ 
uations where stringent FME rules are applied, paper booties are worn over the shoes. 
Some inspectors prefer the use of rubber booties placed over their shoes for a better 
and safer grip. 

Paper, rubber, or cloth booties will go a long way in eliminating the introduction of 
small pebbles that may be stuck to the sole of the shoes. When pressure is applied to 
the end winding by walking over it, a small pebble can puncture the insulation, thus 
creating a region of electric-field concentration. This is worth avoiding. It is good 
practice not to step on the bare coils. A cloth will suffice to protect the winding from 
the shoe. 

The worst enemies of the windings are any foreign metallic objects. They can be¬ 
come airborne due to the high speed of the cooling gas and break the insulation when 
striking it. Magnetic particles have been known to cause failures in water-cooled gen- 
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erators by penetrating the insulation over long periods of time, due to the electromag¬ 
netic forces acting on the particle. It is unfortunate when magnetic particles (also 
called magnetic “termites” or “worms”) are produced within the generator, resulting in 
damage to the windings, but it is truly shameful when these particles are introduced by 
negligent practices. Magnetic as well as nonmagnetic metallic objects may be subject 
to eddy-current heating, detrimentally affecting the insulation with which they come 
into contact. Foreign metallic objects such as nails, welding beads, or pens inadver¬ 
tently left in the bore can short-circuit the laminations of the core (see Fig. 7.3 and 
7.4). Continued operation under this condition may result in a winding failure due to 
localized temperature rise of the core. Precautions should be taken to eliminate the 
possibility of metallic parts or other foreign objects entering the machine. One step in 
that direction is masking the vent holes of the rotor while they are kept outside the 
bore, and covering the rotor altogether when not under inspection or being worked on 
(see Figs. 7.5 to 7.7). 

Metallic objects not required for the examination, or for performing work inside 
the machine, should be left outside the stator bore. This entails removing any coins 
and other objects (medallions, beepers, unnecessary pens, pencils, etc.) from pockets 
prior to entering the machine. Inspection tools should be carried into the machine on 
an “as needed” basis. When using mirrors or flashlights in otherwise inaccessible 
areas, these should be secured by strapping them to one’s wrist (Fig. 7.8). In partic- 



Fig. 7.3 This figure schematically shows how a metal object left inadvertently inside 
the generator can make its way to the bore of the stator core, shorting a few lamina¬ 
tions and effectively creating a path for the flow of large eddy currents. Over time, 
these currents will overheat the laminations, damaging the interlamination insulation. 
The end result is a runaway situation that can lead to serious damage to the core. See 
next figure for such an example. 










Fig. 7.5 Applying masking tape to the vent holes of a large four-pole turbo-generator 
rotor, with the purpose of eliminating contamination of the rotor winding and other 
components. 
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Fig. 7.4 The nut shown in the left photograph was found laying on the stator of a 
large nuclear-driven generator. The source of the nut is not necessarily due to a breach 
in FME, but it is presented here to illustrate how a metal object has the potential to 
damage the laminated core. Laminations were found partially welded to each other un¬ 
der the nut, as shown in the photograph on the right. 


ularly compromising situations, such as with very large generators, where loss of 
production due to an unplanned outage can be extremely expensive, taking an inven¬ 
tory of tools is recommended both before entering the machine and after exiting it. 
This is a time-consuming practice but recommended for all very large generator in¬ 
spections (see Figs. 7.9 and 7.10). 
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Fig. 7.6 The same rotor as in the previous figure, with the vents covered. 


A lack of adequate access control can cause serious damage to the stator or rotor of 
a large generator, in particular the stator winding (see Figure 7.11). Figure 7.12 shows 
another case of a metallic object left inside the generator during an outage, finding its 
way into the end winding of the rotor. This type of occurrence is, unfortunately, not as 
rare as it should be. Thus, it is critical to account for all tools and parts coming in and 
out of a generator during an outage. 



Fig. 7.7 Rotor body covered to avoid contamination while working on other areas of 
the rotor (end windings). 
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Fig. 7.8 Flashlight strapped to the wrist, to eliminate the possibility of dropping it in 
inaccessible places during a generator inspection. 



Fig. 7.9 Wooden cover with door at the entrance to the bore area (both sides). These 
covers allow access control of personnel and tools to the machine. 





Fig. 7.11 The bottom photograph shows damage to the stator of a large generator 
caused by the bolt shown in the top photograph. The bolt was inadvertently left in the 
machine due to a breach in FME. 







7.1 SITE PREPARATION 


383 



Fig. 7.12 The photograph shows a washer left inside a generator due to a breach of 
FME. The washer found its way under a retaining ring, becoming lodged between the 
top turns of a coil and the nonmetallic coil separator. The washer was found during 
troubleshooting of another problem in the area. If left there, it might have eventually 
caused a ground fault to the retaining ring, after damaging the insulating liner resting 
between the retaining ring and the winding. 


7.1.2 Foreign Material Exclusion—Procedures 

A good FME effort must include clearly written procedures addressing all aspects of 
training and implementation. Responsibilities must be clearly defined, as well as con¬ 
tingencies for loss of FME control. A typical FME procedure may include the follow¬ 
ing subjects: 

Responsibilities of: 

• Planner 

• Supervisor 

• FME monitor 

• FME qualified worker 

• Non-FME qualified worker 

• Escorts 
Issues addressed: 

• Definitions 

• Controls of FME zones 

• FME zone designation 
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• FME signs 

• FME covers 

• Appropriate clothing 

• Tool controls 

• Spare parts controls 

• Recovery of lost FME control 

• Final FME check 
Training 

• As required by the level of responsibility and the issues for each level described 
above 

7.2 EXPERIENCE AND TRAINING 

Inspection of large turbo-generators is not a trade that can be solely learned in the class¬ 
room. A combination of classroom learning with years of hands-on training, mainly 
while accompanying an experienced specialist, is what leads to the ability to decipher 
the root causes of conditions afflicting a generator. Misjudging root causes, or simply 
not understanding the condition of the machine, can lead to huge monetary losses. 
Therefore, it is always a good idea to have someone well experienced leading the in¬ 
spection. When large units are inspected, repaired, or overhauled, most owners will 
arrange for a manufacturer’s specialist to be present, at least through part of the effort. 


7.3 SAFETY PROCEDURES—ELECTRICAL CLEARANCES 

When carrying out work in an industrial environment, nothing is more important than 
adhering to all required safety precautions. Large machines opened for inspection of¬ 
ten present obstacles in the form of big openings in the floor surface, crevices to crawl 
thorough, rods and protruding machine members, and so on (see Fig. 7.13). They all 
demand evaluation of required temporary additions to the site, such as beams over the 
open floor spaces, handrails (Fig. 7.14), secure ladders, and so forth. 

The obstacles just mentioned are all visible to the people engaged in the inspection. 
However, an invisible and very powerful element to contend with is the voltage poten¬ 
tial (or range of voltages) that may be present in a generator. Although rare, electrical 
accidents can occur when work is performed on large machines. 

A comprehensive inspection of a large generator requires direct physical contact with 
all windings and other elements that are normally energized during the operation of the 
machine. “Walking the clearance” is jargon used by some to describe the process of in¬ 
specting all breakers, cables, and connections that may be sources of electric power to 
any part of the machine, and making sure they are all deenergized and secure. This 
means that none of these will be accidentally energized during the inspection. The fol¬ 
lowing is a typical (but by no means all-inclusive) list of safety procedures: 



7.3 SAFETY PROCEDURES—ELECTRICAL CLEARANCES 



Fig. 7.14 Provisions allowing safe access to the bore of a large generator. 


Site of a 1250 MVA unit undergoing overhaul. 


“Personal grounds” (grounding cables) at both ends of the winding of each phase 
will minimize the possibility of receiving an unexpected electric discharge of 
dangerous magnitude (Fig. 7.15). Bear in mind that the conductor’s cross section 
must be sized to withstand the available short-circuit currents for the expected 
duration of the fault, given the protection settings on-site. The connections of the 
personal grounds must be verified to be tight and secure. 
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Fig. 7.15 Ground leads applied to a generator being overhauled. 


• Phase leads must be open. 

• Neutral transformer (if present) must be disconnected or have its leads opened. 

• Voltage regulators and other excitation equipment must be disconnected. 

• Potential transformers are an additional source of voltage to the main windings 
and, therefore, they must be disconnected and secured. Space heaters are often 
overlooked. To keep moisture out, space heaters, when present, are normally left 
“on” after disassembling the generator; thus, it is important to check that they are 
disconnected during the inspection. 

• All switches that may energize any part of the machine must be clearly tagged. 
Only the person who installed a tag can remove it, after verifying that the inspec- 
tor(s) have left the machine. If someone else is to remove tags, there should be in 
place a very clear written procedure that ensures that the next person knows 
someone is inside the generator. 

• In machines with direct gas cooling of the stator windings, discharge resistors 
are often found installed on the coil knuckles (see Fig. 7.16). When these resis¬ 
tors are faulty or disconnected, the conductors may remain charged for substan¬ 
tial lengths of time. Precaution should be taken when inspecting such windings, 
in particular if high-voltage tests were performed before disassembling the unit 
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Fig. 7.16 Four knuckle areas (two at each side of the connection lead) of directly gas- 
cooled stator coils. The discharge resistors are inside the knuckles. 


or ahead of the inspection. If in doubt, a grounded discharge stick can be used to 
discharge the suspected coils. You can never be too safety-conscious when deal¬ 
ing with high-voltage apparatus. 

• Turning gear must be disconnected (fuses removed) and clearly tagged when in¬ 
specting with the rotor in place. The last thing you want is for that rotor to inad¬ 
vertently start turning when you are in there. 

• Gas monitors for confined areas must be used to ascertain that the breathing air 
is of good quality. 

• Additional items as each specific case warrants. 

• Follow all relevant safety rules and regulations at the site. 

• Finally, you walk the clearance. Do not take anyone else’s word for it. This is 
even more important when the inspection is performed in a station other than 
yours. 

7.4 INSPECTION FREQUENCY 

Certain components in large synchronous machines require inspections (and some¬ 
times maintenance) between scheduled major outages. Other more comprehensive in¬ 
spections requiring various degrees of machine disassembly are performed during the 
more lengthy outages. 

However, experience shows that a major inspection after one year of operation is 
highly recommended for new machines. During the initial period, winding-support 
hardware and other components experience harsher than normal wear. Retightening of 
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core-compression bolts may be required during this first outage. Also, expiration-of- 
warranty issues may be of consideration. 

Subsequent outages and inspections can be performed at longer planned intervals. 
How long an interval? Minor outages/inspections every 30 months, to major 
outages/inspections every 60 months, are typical periods recommended by machine 
manufacturers. The major outages include removal of the rotor, comprehensive electri¬ 
cal and mechanical (nondestructive) tests, and visual inspections. Of course, these in¬ 
tervals tend to be longer for machines spending long periods without operation. Most 
stations have logs containing the actual number of hours the unit was running and the 
number of starts/stops. Together with the manufacturer’s recommendations, this infor¬ 
mation forms the basis for scheduling inspections and overhauls. 

Large utilities that have many generators in their systems and many years of experi¬ 
ence running these machines have formed their own maintenance and inspection crite¬ 
ria and schedules. Although working closely with machine manufacturers, these utili¬ 
ties tend to extend the periods between outages for those machines that experience has 
shown to have good records of operation, and shorten the periods between outages/in¬ 
spections for machines that have been characterized by more frequent failures. 

Frequently, the major outages during which the opportunity presents itself to carry 
out a major inspection follow the need to maintain the prime mover more than the gen¬ 
erator itself This is certainly the case with nuclear-powered steam turbines, when the in¬ 
spection of the turbine and generator is made coincident with the refueling of the reac¬ 
tor. (The subj ect of frequency of inspection and maintenance is broached in Chapter 12.) 


7.5 GENERATOR ACCESSIBILITY 

The issue of accessibility is the same for inspection and for maintenance, as both activ¬ 
ities often follow each other. The following list summarizes the various levels of ac¬ 
cess to the generator. The level of access required is commensurate with the purpose of 
a specific inspection activity, and it will be somewhat different for differently con¬ 
tracted machines. 

• Generator casing end-doors (end-brackets) removed 

Stator end-windings access 
Access to retaining-ring outer surface 

• Rotor removed 

Access to stator bore 
Full rotor inspection possible 

• Hydrogen coolers removed (vertical coolers; see Fig. 7.17) 

Access to back of stator core in localized areas 
Full H 2 cooler inspection and cleaning possible 

• Terminal enclosure opened 

Access to stator terminals 

Access to back of stator end windings 
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Fig. 7.17 A vertical Hg cooler is being removed from a four-pole, 1250 MVA genera¬ 
tor. The opening can be used by an inspector to entry the machine for inspecting the 
end-winding region of the generator, as well as part of the back of the core. 


• Belly ports opened 

Access to some back-of-core areas between stator frame ribs 
Access to some key bars 
Access to belly bands 

There is often some discussion going on about the need to remove a rotor for a com¬ 
prehensive inspection, given the availability of some robotic devices to crawl any¬ 
where in the air-/gasgap of large generators, and even probe wedge tightness with 
some wedging designs. Although the availability of robotic devices, horoscopes, and 
other miniature cameras alleviate the need for major disassembly for every inspection, 
there is no replacing the age-old visual inspection inside the bore during major inspec¬ 
tions to fully appreciate the condition of a generator. 


7.6 INSPECTION TOOLS 


Probably the most important item for the inspector is not a gadget or an instrument, 
but a piece of paper, namely, a record of previous visual inspections and electric 
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tests. Findings from past inspections act like a compass, helping to guide the inspec¬ 
tor to areas already proved to be problematic. Most operators of large turbo-genera¬ 
tors carry out a minimum set of electrical tests on the machines before disassembling 
them for a visual inspection. Results from these tests have the salutary advantage of, 
first, calling attention to problematic areas and, second, allowing comparison with the 
test results obtained after cleanup and refurbishment performed on the machine. It 
goes without saying that a comprehensive inspection report should always be written 
and archived. This report is a helpful reference for the next inspection, often several 
years later. 

An additional source of information that has served the authors of this book well is 
historical information obtained from identical or similar machines. Still other signifi¬ 
cant sources of information are the facts or recommendations sheets periodically is¬ 
sued by the manufacturers. 

As to the “bag” of tools carried by the inspector, it may include the following (see 
Fig. 7.18): 

• Writing pad attached to a clipboard, and a nonmetallic pen attached to the board 
with a string 

• Safety glasses 

• Disposable gloves 

• Disposable paper or cloth booties, or multi-use rubber booties 

• Disposable paper overall, or cloth overall 



Fig. 7.18 Easy-to-carry tool case with the most essential tools for visual inspection of 
the generator. 
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• Work shoes with soft sole (rubber) 

• Floodlight with an extension cord 

• Flashlight and a set of spare batteries. If a flashlight is at risk of falling into inac¬ 
cessible places, it should be attached to the wrist with string and tape, as shown 
in Figure 7.8. 

• Clean rags. 

• A small sealed container with white rags to be used as swabs; useful for taking 
samples of contamination for later testing, when required. 

• A set of mirrors with articulated joints and expandable handles. If the mirrors are 
at risk of falling to inaccessible places, they should be attached to the wrist with 
a string and tape. 

• A hammer with soft (rubber) and hard (plastic) heads, for probing wedges, insu¬ 
lation blocking, and so on. For a wedge survey of the entire machine, hand-held 
electromechanical probes are commercially available (Fig. 7.19). After an initial 
setting, the probe identifies each wedge as tight, loose, or loose/hollow. 

• A set of magnifying glasses or hand-held microscopes to probe for corrosion or 
electrically originated pitting on retaining rings and on other critical compo¬ 
nents. 

• Charts from manufacturers of commutator brushes depicting observable signs of 
bad commutation (Fig. 7.20). 

• Boroscope, especially suitable for inspecting under the retaining rings, air/gas 
ducts, air-/gasgaps of machines with the rotor in situ, and other inaccessible 
spots (Fig. 7.21). 

• A good camera capable of taking close shots of small areas. 



Fig. 7.19 Commercially available wedge tightness electromechanical tester. 
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Fig. 7.20 Commutation performance charts from various manufacturers of brushes 
and other useful information, such as vendor graphs. 


• A small magnet for the extraction of loose iron particles. 

• A compass to pinpoint magnetized items. 

Figures 7.22 to 7.30 show several of the items described above, in addition to other 
specialized tools for probing different components of the alternator. 



Fig. 7.21 Boroscope used for visual inspection of otherwise inaccessible areas of the 
machine. Light source and optical video equipment not shown. 
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Fig. 7.22 Rubber booties. 



Fig. 7.23 A set of mirrors with articulated joints and expandable handles. 



Fig. 7.24 Two styles of hammers for probing wedges and insulation blocking, among 
other things. Hammers with hard but nonmetallic surfaces are preferable for manual 
wedge surveying. 
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Fig. 7.25 Types of hand-held magnifying glasses. 


7.7 INSPECTION FORMS 

This section includes the Turbo-Generator Inspection and Test Report, which compris¬ 
es eleven inspection forms for large synchronous turbo-generators. A similar set of 
forms good for any type of synchronous machine (including salient-pole units) can be 
found in Reference [2]. 



Fig. 7.26 Two types of magnets designed for access to remote locations inside the 
generator. 
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Fig. 7.27 Compass to ascertain location of magnetized surfaces, meter, and a range 
of feeler gauges and rulers for measuring clearances (e.g., between coils and slot). 
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Fig. 7.30 Miscellaneous tools for probing and inspecting. 


The inspection forms included in this chapter cover full inspections and routine in¬ 
spections. They are examples of forms that can be used practically for any turbine- 
driven generator, of any industrial size. The forms are by nature generic. However, it 
should take very little effort to recast them in a way that can be quickly adapted to the 
needs of any machine operator and/or inspector. 

Forms 1 to 9 are designed for a full or partial inspection of a machine in various 
stages of disassembly. Form 10 is for daily, weekly and monthly routine inspections of 
the brush gear. Form 11 can be useful in tracking the wear of brushes in a generator. 
Given that each brush will rarely have to be changed more than once a month, using a 
form for an entire month should suffice. This way, 12 forms—one per month—should 
be adequate to document brush changes for each brush location and date of replace¬ 
ment for the entire year. Completing this form entails a very small effort, but the re¬ 
wards can be significant when searching for specific wear and commutation problems. 

TURBOGENERATOR INSPECTION AND TEST REPORT 
Eorm 1: Basic Information 

Station/Company where installed_ 

Unit no._ 

Prime mover type: Steam_ Gas_ Diesel_ 

Serial no. of generator_ 

Manufacturer_ Frame_ 

Date of manufacture_ Year installed_ 

Date of last rewind: Stator_ Rotor_ 

Date of last major inspection_ 

Total operating hours_ Operating hours since last overhaul_ 

Total number of starts/stops_ Number of hours in turning gear_ 

Present inspection performed by_ 

Assisted by_ 

Date of Inspection_ 
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Form 2: Nameplate Information 


Rated MVA_ 
Field 4^_ 


Power Factor_ 


Stator: Line voltage. 

Field: dc voltage_ 

Nominal speed_ 

Frequency_ 


_rpm 


Hz 


Stator cooling: Open air_ 

Direct Water_ 
Rotor cooling: Air_ 


Short-circuit ratio_ 


_kV 

volts 


Rated current_ 

dc current_ 

No. of poles_ 


. amperes 


. amperes 


Air/water_ 

H2_ 


Stator Insulation: Asphalt_ 

Other_ 

Maximum H 2 pressure (psi)_ 


Hydrogen_ 

Epoxy/resin_mica_ 


Direct H 2 _ 
Water_ 


VPI (Y/N?)_ 


Normal H 2 operating pressure (psi). 


Stator cooling water operating pressure (direct water-cooled units) (psi)_ 
Number of stator slots_ Number or rotor coils/pole_ 


TURBOGENERATOR INSPECTION AND TEST REPORT 


Form 3: Inspection Accessibility 

Yes No 


Rotor out of bore 





Inboard top bracket (or full bracket) removed 



Inboard bottom bracket removed 



Outboard top bracket (or full bracket) removed 



Outboard bottom bracket removed 



Bushing well open 



Access via a vertical Ht cooler fcoolers removed f 



Inboard retaining ring off 



Outboard retaining ring off 



Exciter’s rotor out of exciter’s bore 



Stator belly ports opened 
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Form 4: Stator Inspection Items 

Type of blocking: Maple_; Textolite_; Conforming_; Felt _ 

End-winding makeup: Z-ring_; Radius strip_; Sausages_; Other 

Ties: Glass roving_; Flax_; Other_ 

Type of wedges: Flat_; Piggyback_; Other_ 

Type of side fdlers: Flat_; Ripple spring_; Nonexisting_ 

Top ripple filler?: Yes_; No_ 

Boroscopic inspection of the air/gas-duct area performed? Yes_; No_ 

If wedge survey performed: % of loose wedges_; % of hollow wedges_ 

Number of damaged resistors in nose of water-cooled windings_ 

Number of damaged resistors in nose of directly H 2 -cooled windings_ 


“O” for satisfactory 
“X” for unsatisfactory 


Item 

Description 

N/A 

O/X 

Corrective Action 

SOI 

Cleanliness of bore (oil, dust, etc.) 




S02 

Air/gas radial ducts clogged? 




S03 

Iron oxide deposits? 




S04 

End-winding hardware condition (bolts, nuts, etc.) 




SOS 

HV bushings 




S06 

Stand-off insulators 




S07 

Bushing vents clogged? 




SOS 

Greasing/red-oxide deposits on core bolts? 




S09 

Space heaters 




SIO 

Fan-baffle support studs 




Sll 

Heat exchangers, cleanliness 




S12 

Heat exchangers, leaks 




S13 

Hydrogen desiccant/dryer 




S14 

Core-compression (“belly”) belts 




SIS 

Bearing insulation (at pedestal or Babbitt) 




S16 

Coil cleanliness (oil, dust, etc.) 




S17 

Blocking condition 




SIS 

Ties between coils tight? 




S19 

Ties between coils too dry? 




S20 

Ties to surge rings tight? 




S21 

Ties to surge rings too dry? 




S22 

Surge rings insulation condition 




S23 

Surge rings support assembly 




S24 

Additional end-winding support hardware 
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Item 

Description 

N/A 

O/X 

Corrective Action 

S25 

RTD and TC wiring hardware 




S26 

Asphalt bleeding? Soft spots? 




S27 

Tape separation? Girth cracking? 




S28 

Insulation galling/necking beyond slot? 




S29 

Insulation bulging into air/gas ducts? 




S30 

Insulation too dry? Flaking? 




S31 

Circumferential bus insulation? 




S32 

Corona activity 




S33 

Wedges condition (wedge survey below) 




S34 

Wedges slipping out at ends of core? 




S35 

Side/bottom packing fillers slipping out at ends of core? 




S36 

Bars bottomed in slot? 




S37 

Laminations bent in bore? Broken? Skid Plate damage? 




S38 

Laminations protruding into air/gas ducts? 




S39 

Terminal box CTs condition 




S40 

Bushing-well insulators and H 2 sealant condition 




S41 

Winding support bearing-bolt condition 




S42 

Water boxes condition (water-cooled stator) 




S43 

PTFE (Teflon) hoses condition (water-cooled stator) 




S44 

Manifold leaks/corrosion (water-cooled stators)? 




S45 

Magnetic termites found inside machine? 




S46 

Back-of-core condition? 




S47 

Core tight in the bore? (Knife check for looseness) 




S48 

Space block migration or damage in the radial core 
vent ducts in the bore? 




S49 

Back-of-core burning between keybars and core at 
core ends? 




S50 

Core frame or weld cracks? 




S51 

Arcing at stator frame ground points? 




S52 

Arcing at inner end door joints? 




S53 

Condition of flux shields or flux shunts? 




S54 

Does flux shield float electrically (i.e., megger value)? 




S55 

Condition of internal casing conduits for 
instrumentation (arcing, breakage, etc.)? 




S56 

Condition of core to frame coupling devices (spring 
bars, any damper pads etc.)? 




S57 

Space block migration from radial vents at back of core? 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 5: Rotor Inspection 

Retaining rings type: Magnetic_; Nonmagnetic_; % Mn_; % Cr 

Spindle-mounted_; body-mounted_ 

Collector rings position: Both polarities at same end_; At opposite ends_ 

Number of collector rings per polarity_ 

Type of conductor: Double copper turn (prone to copper dusting)_; 

Each turn fully insulated in end-winding region_ 

Type of wedges: All aluminum_; All steel_; Both aluminum and steel_; 

Each wedge full length of rotor_ 

Type of shaft-mounted fans: Axial_; Centrifugal_; One fan only_; 

Two fans, one per side_ 

Type of rotor cooling: In from the ends/out from wedge vents_; 

In from the ends and in/out from wedges_ 

Cooling vents on surface of retaining rings_ 


“O” for satisfactory 
“X” for unsatisfactory 


Item 

Description 

N/A 

O/X 

Corrective Action 

ROl 

Rotor cleanliness (oil, dust, iron/copper dust) 




R02 

Retaining rings’ visual appearance 




R03 

Centering rings’ visual appearance 




R04 

Fan rings’ visual appearance 




R05 

Fretting/movement at rings’ fits 




R06 

Fan blades and hub condition 




R07 

Bearing journals condition (scoring, heat stains?) 




R08 

Balance weights/bolts condition 




R09 

End wedges (touching end rings? loose?) 




RIO 

Other wedges (overheated, loose, cracks)? 




Rll 

End-winding condition (distortion, heat staining, 
cracked joints, arcing)? 




R12 

Collector rings condition (ring surface, groove depth) 




R13 

Collector rings insulation condition (megger value 
at 500 V dc) 




R14 

Brush springs’ pressure and condition 




R15 

Brush rigging condition (clean, damaged, arcing, etc.)? 




R16 

Shaft-voltage discharge-brush condition 




R17 

Inner/outer II 2 seals condition (pitting, scoring, 
heat staining, etc.)? 








7.7 INSPECTION FORMS 


401 


Item 

Description 

N/A 

O/X 

Corrective Action 

R18 

Pole face cross-cuts for stiffness equalization (heat 
stains at cut ends, cracks?) 




R19 

Venting holes in retaining rings surface condition 
(pitting, cracks, heat stain, arcing)? 




R20 

Venting holes in wedges condition (cracks, blocked)? 




R21 

Indication of electric arcing between wedges and 
retaining rings and/or forging? 




R22 

Slot liners slipping at ends under the retaining rings? 




R23 

Insulation between conductors fully or partially 
covering venting holes along slots? 




R24 

Condition of coupling and bolt holes (gouging, 
cracks)? 




R25 

Condition of any toothed gears (i.e., turning gear) 




R26 

Terminal stud connections to collector rings and end 
winding under retaining rings 




R27 

Pole-face axial slots for stiffness equalization (wedges, 
balance weights condition) 




R28 

End winding coil-to-coil and pole-to-pole connectors 
(cracked joints, arcing, deformation)? 




R29 

Locking tabs secure on bolts etc. 




R30 

End-winding packing and blocking condition 
(missing pieces, cracked, out of place)? 




R31 

End-winding interturn insulation condition (insulation 
migration or other damage)? 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 6: Excitation Inspection 

Type of excitation: Self-excited (brushless)_; Stand-alone solid state_ 

Stand-alone rotary generator_ Shaft-driven generator 

Other_ 


“O” for satisfactory 
“X” for unsatisfactory 


Item 

Description 

N/A 

O/X 

Corrective Action 

EOl 

Cleanliness (oil, carbon dust, etc.) 




E02 

Shaft-mounted diodes’ condition 




E03 

Diodes’ connections and support 
hardware 




E04 

Commutator’s condition 




EOS 

Commutator brushes’ condition 




E06 

Commutator brush holders’ and 
rigging’s condition 




E07 

Brush springs pressure and condition 




EOS 

dc generator’s stator condition 




E09 

dc generator’s armature condition 




ElO 

Exciter-drive motor cleanliness 




Ell 

Exciter-drive stator condition 




E12 

Exciter-motor’s rotor condition 




E13 

Field discharge resistor condition 




E14 

Solid-state exciter’s general appearance 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 7: Comments 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 8: Wedge Survey 

This is a typical table for performing a wedge survey. Enough rows and columns 
should be included to cover the machine to be inspected. One way to enter information 
is: “O” for a tight wedge, “X” for a hollow or medium wedge, “L” for a loose wedge. 
Wedges can be tapped at both ends. In that case, the number of notations will be dou¬ 
ble. 

At the end of the survey indicate # of loose wedges and % of total, # of hollow/medi¬ 
um wedges and % of total, number of tight wedges and % of total. 


Turbine End Wedge Number Nondrive End 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 







N 

1 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 9: Electric Test Data 

The following sample of data is from tests performed after machine shutdown (some 
of these tests are to be performed under hydrogen pressure for hydrogen-cooled gener¬ 
ators). Refer to the pertinent standards for the correct test procedures. See references in 
Chapter 11. 

Machine Stator 

• Measured conductivity for liquid-cooled generators:_micro-ohm/cm 

• Measured megger readings of windings to ground. Megger’s output voltage: 
_V 

30 s_, 1 min_, 10 min_(Mfl) 

Polarization Index (PI) (10 min/1 min):_ 

Ambient temperature_; Hours after shutdown_ 

Stator RTDs temperature 1)_2)_3)_ 

4)_5)_6)_ 

(at least 2 per phase) 

Note: For water-cooled stators only 1-minute megger required. 

Machine Rotor 

• Measured megger readings of windings to ground. Megger’s output voltage: 
_V 

30 sec_; 1 min_; 10 min_[Mfl] 

Polarization index (PI) (10 min/1 min):_ 

Ambient temperature_; Hours after shutdown_ 

Alternator Exciter 

Stator 

• Measured stator megger readings of windings to ground 

30 s_, 1 min_, 10 min_(MH) 

Polarization index (PI) (10 min/1 min):_ 

Winding temperature_ 

Rotor 

• Measured megger readings of windings to ground 

30 s_, 1 min_, 10 min_(MH) 

Polarization index (PI) (10 min/1 min):_ 

Winding temperature_ 


{continued) 
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Form 9: Electric Test Data {cont.) 

Alternator Exciter (cont.) 
dc Exciter 

• Measured megger readings of windings to ground 

30 s_, 1 min_, 10 min_(MO) 

Polarization index (PI) (10 min/1 min):_ 

Winding temperature_ 


RTDs 

• Megger test to ground with 500 V megger 

• Measure each RTD’s resistance with a bridge 

• Compare readings with measured temperature of the winding 

Stator Water Outlet Thermocouples 

• Measure millivolts and compare readings with measured temperature of water or 
ambient air (when empty). 

Additional Tests 

• PD activity readings should be taken before shutdown if PDA sensors installed. 

• Air-/gasgap flux waveform should be recorded before shutdown if flux probes 
installed. 

Alarm Checks 

The following is a sample of the alarm circuits and activators that require checking 
(different machines will have different sets of alarms): 

• Air fdters clogging alarms 

• Stator cooling water pressure low 

• Water pressure at machine 

• Water flow 

• Stator water filter 

• Stator water-cooling pump 

• Water and oil leakage detectors 

• Hydrogen seal-oil enlargement detector 
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TURBOGENERATOR INSPECTION AND TEST REPORT 
Form 10: Comprehensive Brush Routine Inspection 


Date:_ UNIT: 


Visual 

Inspection 

Chattering 

Brushes 

Sparks 

Overheating 

Cleanliness 

Spring 

Tension 

OK 






Not OK 







Positive Polarity 

Column 1 2 3 4 5 6 etc. 


Row 1 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 2 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 3 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 4 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 5 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row etc. 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 


Negative Polarity 

Column 1 2 3 4 5 6 etc. 


Row 1 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 2 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 3 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 4 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row 5 

Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

Row etc. 
Date: 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 

ABCDF 
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Form 10: Comprehensive Brush Routine Inspection (cont.) 

Legend: A: Chipped brush, B: Cracked brush, C: Sticky brush, C: Sparking/Arcing, F: 
Replaced with new brush 

• Circle the corresponding letter(s) in each box, according to the inspection. 

• Inside each box, note the length of the brush. 

• If a brush is changed, make a diagonal across the box, and write on top of the 
length of the old brush, and on the bottom of the length of new brush. 

Number of Brushes Replaced: Positive_Negative_Total_ 

Comments: 


Condition of rotor grounding brush:_ 

Shaft voltage reading:_ 

Condition of bearing insulation: NDE Reading:_ DE Reading: 




REFERENCES 
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Form 11: Brush Replacement (to be used for one month and replaced—12 forms 
per year) 

Looking at the brush rigging from the (North/East/West/South) side 


Turbine/exciter side 


Row 1 
(top row) 






Row 2 






Row 3 






Row 4 






Row 5 

(bottom row) 







Looking at the brush rigging from the (North/East/West/South) side 

Turbine/exciter side 


Row 1 
(top row) 






Row 2 






Row 3 






Row 4 






Row 5 

(bottom row) 







Enter the date of a brush replacement in the respective box. 


REFERENCES 

1. ANSI/IEEE Std 43-1974 or later, “Recommended Practice for Testing Insulation Resistance 
of Rotating Machinery.” 

2. I. Kerszenbaum, Inspection of Large Synchronous Machines, IEEE Press, 1996. 
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Turbo-generator stators are very resilient major components in spite of being subject to 
intense vibrations, mechanical forces, and large voltage stresses. In addition to the 
aforementioned, expansion and contraction of different materials due to changes in 
temperatures, load shocks, and current and voltage transients also impose high stresses 
on the various stator components. The stator is a complex system of organic and inor¬ 
ganic materials working together under extreme conditions and they can operate some¬ 
times for many years (between outages or refueling cycles in a nuclear plant) before 
inspection and electrical testing is performed, or run up to ten years before a detailed 
visual inspection is performed. Many stators with proper maintenance are known to 
run for decades before a major refurbishment, such as a rewind, is required. They gen¬ 
erally perform reliably for many years and if well maintained can usually outlive their 
expected design life. 

Nevertheless, the criticality of these components requires them to be monitored and 
well maintained. And due to recent changes in the power industry in terms of deregula¬ 
tion, operational duty on stators has become more onerous because of two-shifting and 
load following. Similar to rotors, this has resulted in a corresponding increase in cer¬ 
tain modes of stator failures, largely due to thermal cycling effects. 

There are a number of statistics published by organizations such as EPRI and INPO 
about expected life of certain subcomponents (stator windings, cores, cooling water 
systems, etc.), as well as failure statistics of stators in general. One normally accepted 

Handbook of Large Turbo-Generator Operations and Maintenance. By Klempner and Kerszenbaum 411 
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criterion is that stators in general have an expected useful life of at least 25 to 30 years, 
driven by winding insulation degradation. As stated earlier though, a well-maintained 
stator may possibly operate well beyond this time frame without a major refurbish¬ 
ment. When refurbishment is required, it is generally a stator winding replacement that 
is done and revalidation of the stator core condition. Once rewound and refurbished, it 
is possible for a stator to last an additional 25 to 30 years. Although statistically speak¬ 
ing those numbers may reflect the average of thousands of units, any particular unit 
may have quite different statistics. Being guided exclusively by industry-wide statis¬ 
tics when deciding on maintenance and life-cycle management of a specific unit in a 
specific site will certainly result in large errors of judgment. Only intimate knowledge 
of one’s own stator (and overall generator) can lead to the correct maintenance and re¬ 
furbishment plan, and to “intelligent” life-cycle management decisions. The goal of 
this chapter is to serve as a guide to learning the specific problems and failure mecha¬ 
nisms and their identification that will make it possible to correctly assess intrinsic 
risks for a given design, and explicit signs of deterioration and damage and/or impend¬ 
ing failure. Although no OEM is specifically identified while discussing a particular 
issue, the reader should recognize each item discussed as pertinent or not to the specif¬ 
ic machine under his/her supervision. 

The Stator Inspection form (included in Chapter 7) refers to items comprising the 
actual stator, as well as the frame, bearings, and other machine-related components. 
Each item on the form is described below, but not necessarily in the same order as they 
show up on the form. 


8.1 STATOR FRAME AND CASING 

8.1.1 External Components 

The main external components of the stator frame and casing that require inspection 
and periodic maintenance are the frame footing and bolts, the generator foundation, the 
seismic supports, the grounding cables, the piping and connections, the generator end 
brackets, the end-shield bearing supports, the bearing insulation and pedestals, and the 
space heaters. 

Frame Footing and Bolts. Stator core frames are numerous in design variation, 
but they all have the basic function of carrying the stator core iron and acting as the 
main structure of the generator. They are usually bolted down to the turbine deck or 
power station floor, which may be a floating-slab type of arrangement for seismic pur¬ 
poses. The footings are generally made of steel and very substantial, and so are the 
bolts used for securing them (Fig. 8.1). 

These components must take up the torque loading of the generator for normal and 
abnormal operating conditions, as well as for the normal operating vibrations. So it is 
important that they be tightened down securely to ensure that vibrations or torque pul¬ 
sations are not transmitted to the other generator components in any detrimental way. 
Particularly, the rotor must be isolated from the stator frame vibrations, and this be- 
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Fig. 8.1 Stator frame footing and bolting arrangement to the turbine deck. 


comes a challenge when the bearings are part of the stator end shield, bolted to the out¬ 
er stator casing or frame. 

During outages, the frame support system should always be checked to ensure that 
there is no loosening or damage present. Bolts may have to be torque checked and 
retightened if they become loose. When looseness occurs, it is possible in extreme 
cases for the bolts to be broken during some significant stress event that produces a 
significant torque reaction. Also, if the stator frame natural frequency is operating too 
near the nominal once or twice per revolution operating frequency of the machine, 
then it is also possible for excessive vibration to occur and inflict damage to the foot¬ 
ings and bolting arrangement. 

Generator Foundation. The generator foundation is a complex structure of 
concrete and reinforcing steel used to support the entire turbine generator line. It is 
also tall in nature. In some units it can be up to a few building stories high from the 
lowest floor of the powerhouse to the operating deck for the turbine generator set. The 
foundation itself is subject to natural frequencies by the nature of its construction, and 
to vibrations from operation of the machine. Therefore, it is subjected to significant 
forces, as mentioned earlier, and from the weight of the machine that the foundation 
supports. It is important that the structure does not shift in natural frequency and that it 
remains free from cracks or other structural damage (Fig. 8.2). 

The grouting or concrete base under the generator footings of the frame can easily 
spall or crack; this may be an indication of a foundation problem. Therefore, inspec- 
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Fig. 8.2 Generator foundation of concrete and embedded reinforcing steel, showing 
water damage on the concrete surface. 


tion of the support structures should be carried out periodically to look for obvious 
damage such as cracks, deformation, or spalled concrete. 

Seismic Supports. Generators are not always built on a fully anchored founda¬ 
tion. A more modem arrangement is to have the generator mounted on an isolating 
block, with a seismic support stmcture between it and the main anchored foundation. 
This way, the generator is supported on a floating slab type of arrangement that is ca¬ 
pable of handling extreme seismic events or significant torque reactions in the generat¬ 
ing equipment when a system event or turbogenerator line failure of some kind occurs 
(Fig. 8.3). 

The support stmcture usually also can be adjusted or releveled if it moves out of its 
specified design settings. This is more an exception than a common occurrence. How¬ 
ever, when problems occur with generator frame and casing vibrations, this should be 
considered as a possible cause of the problem, and the alignment of the seismic sup¬ 
ports should be checked against installation and design specifications. 

Grounding Cabies. All generator frames and casings are grounded to the power 
plant grounding system. This is usually done at one location only to allow control over 
the ground current flow and to ensure that there are no circulating currents in the gen¬ 
erator frame stmcture that will cause arcing between components inside the machine 
(Fig. 8.4). 
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Fig. 8.3 Seismic support system on a floating slab arrangement under the generator. 


Circulating currents in the generator frame can be quite damaging when they occur 
on a critical surface that seals hydrogen or oil, for example. In addition there is usually 
considerable heat generated at the arcing location, and this can cause further damage 
by distortion and deterioration of the component’s proper functioning. 

The ground cables should be inspected to ensure that they are tight and in generally 
good condition. Signs of damage would be corrosion, overheating, fraying, or crack- 



Fio. 8.4 Grounding cable on the generator casing and frame structure. 
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ing. Prior to lifting a ground for repairs, if the generator is still in operation, it should 
be checked to see if it is hot and if there is any current flow. A hot ground cable would 
indicate significant current flow in it and that there might be a problem in the machine 
somewhere. An additional temporary ground should be applied at the same location 
prior to lifting the permanent ground for repairs. This is for personnel safety and for 
the protection of the generator and its components. Live line procedures should be fol¬ 
lowed if this type of work is to be done. However, it is better, and recommended, to do 
this type of work with the machine offline if the grounding is highly energized. 

Piping and Connections. In a large generator, there are numerous auxiliary 
systems carrying gases and fluids to the generator, some very volatile. These include, 
of course, hydrogen, oil, and water. There is also outlet piping from the generator that 
carries mixtures of some of these substances in air, where oxygen is present. One can 
easily see that if air and hydrogen were to mix in a pipe, then there is potential for a hy¬ 
drogen explosion. Also, the air in an oil pipe provides the oxygen necessary to support 
combustion if a spark were to occur in one of the piping systems carrying lube or seal 
oil. 

It is, therefore, important that the piping be maintained in good condition. Piping 
should be grounded so that sparks cannot occur due to any circulating and arcing cur¬ 
rents. Likewise, the piping joints and flanges should all be maintained by gasket and 
0-ring changes at the appropriate maintenance intervals for the particular system. 
These joints should be kept tight and leak free. In some auxiliary systems, it may be 
necessary to do periodic pressure testing of the piping to ensure its integrity. 

Piping is often overlooked in generator overhauls, but it is an important part of the 
system. It should be included on the maintenance inspection list for the items men¬ 
tioned above (Fig. 8.5). 

Generator End Brackets. Generator end brackets (also known as end doors or 
end shields) generally serve multiple functions. They act as the end seal of a pressure 
vessel at both ends of the generator, since a large generator can be operating under hy¬ 
drogen pressures up to 90 pisg (620 kPa). The end brackets also act as supports to the 
hydrogen seals and, in some designs, the rotor, when end-shield bearings are employed 
(Fig. 8.6). 

Because of the nature of the stator construction, the end doors are designed as two 
halves: a lower and an upper. This is done for ease of installation and removal of the 
rotor and of the brackets themselves, as well as the other components attached to them. 
This arrangement of half brackets also presents a requirement to seal them at their half 
joints, in addition to sealing the face of the stator casing and around the hydrogen seals 
and bearing housings. 

The interface of the end doors and the generator stator casing are steel-on-steel 
mated surfaces. They require sealing so that hydrogen cannot leak past these close in¬ 
terfaces. There are usually grooves machined into the sealing faces of the end doors 
on all mating surfaces as well as on the stator casing face, so that a sealant can be in¬ 
jected into the space to prevent hydrogen leakage out of the casing. There must be al¬ 
lowance for imperfection in the fit, due to the flexure of the end doors when under 
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Fig. 8.5 Piping connections for water, hydrogen, COj, oil, and drains under the gen¬ 
erator casing and frame structure. 



Fig. 8.6 Generator end brackets of a large two-pole turbo-generator. These end 
brackets are made of two halves with bolted joints at the casing face and the upper 
and lower mating faces of each bracket. 
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high pressure. In addition, there are significant vibrations that must also be account¬ 
ed for in the seal and an injected sealant type of arrangement generally works for this 
application. 

When the generator is opened up, all the sealant must be removed from the grooves 
in the end brackets and the casing grooves, so that new sealant can be injected on re¬ 
assembly. During the outage, a thorough inspection should be made of all the sealing 
surfaces to look for mechanical damage or arcing that may have occurred. If leaks 
have been a problem, then it may be necessary to carry out some NDE work in the 
form of surface penetrant application to look for surface roughness or flaws that re¬ 
quire correction. This is commonly called bluing the surface to look for high and low 
spots in the mating area. 

End-Shield Bearing Supports. End-shield bearing supports are in fact also 
generator end doors (Figs. 8.7 and 8.8). They are mentioned separately from end doors 
because not all generators employ this type of arrangement. There are many generators 
in which external pedestal-mounted bearings are used and the bearings are completely 
outside the generator (Fig. 8.9). 

When a generator does have a bearing-support type of end bracket, it is a substan¬ 
tially stronger component due to the fact that it must also support the rotor. This means 
that the bolting of the end-shield bearing support to the generator stator casing is also 
carrying the weight of the rotor. The end-shield bearing support is also then subjected 
more intensely to the rotor vibration, and there is a closer coupling between rotor and 
stator vibrations in this type of arrangement. It is a common method for some manu- 



Fig. 8.7 Generator end shield with bearing support. This end bracket houses the rotor 
bearings and hydrogen seals, and supports the rotor in operation. 




Fig. 8.8 End-shield bearing arrangement. Bearing, Hg seal, and oil wiper halves 
mounted in the lower end shield. 



Fig. 8.9 A pedestal bearing arrangement is shown in which the bearings are external 
to the generator and not part of the end door itself. The collector-end main bearing 
and steady bearing are mounted on steel plates that are double insulated. 
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facturers and works quite well, but it requires diligent maintenance during outages to 
ensure that the bearings are electrically isolated from the end-bracket structure as well 
as the hydrogen seals that are also carried by the end-shield bearing support arrange¬ 
ment. 

The end-shield bearing support structure also has sealant groves and is arranged in 
halves. In addition to the items mentioned above, all the issues regarding end doors, 
generally, also apply to end-shield bearing supports. 

Bearing Insulation and Pedestals. During the normal operation of electrical 
rotating machinery, voltages and, hence, currents are induced in the shaft. In the case 
of large turbo-generators, in addition to those voltages induced in the generator, sub¬ 
stantial voltages are created by the rotating elements of the turbine. These shaft volt¬ 
ages and, in particular, the resultant currents, have to be kept to low values; otherwise, 
subsequent bearing failures can be expected to occur. 

The main sources of shaft voltages are as follows [7]: 

• Potential applied to the shaft, intentionally or accidentally (e.g., a grounded field 
conductor and excitation spikes). 

• Electrostatic effects due to impinging particles (e.g., shaft-mounted fans in gen¬ 
erator turbine blades in steam or gas turbines) or charged lubricants. 

• Dissymmetry effects due to change of the reluctance path as a function of the an¬ 
gular position of the rotor and magnetic asymmetries of the core. (This can be 
due to design, manufacturing details, or core faults of large magnitude.) 

• Homopolar flux effects due to axial fluxes originating from magnetized turbine 
and generator components, especially the generator shaft. 

• Movement off magnetic center, due to axial movement of the rotor off the mag¬ 
netic center, which might result in shaft voltages. (It has been noticed that multi¬ 
pole hydro generators are more sensitive to this phenomenon than two- and four- 
pole generators.) 

In large turbo-generators, voltages of up to 150 V peak to peak from static buildup 
on the shaft are not uncommon [8]. These voltages have the potential to generate cur¬ 
rents that, when allowed to flow freely, will destroy bearing surfaces, oil seals, and 
other close-tolerance machined surfaces. Shaft-grounding brushes should help mitigate 
this effect. 

As is sometimes assumed, the heat developed by the flow of current does not cause 
the damage; rather, it is caused by mechanical failure. Shaft-bearing currents will dam¬ 
age the bearing surfaces by pitting resulting from minuscule electric discharges. The 
pitting will continue until the bearing surfaces lose their low coefficient of friction; 
then other more dramatic and rapid changes occur, culminating in bearing failure. 
Bearing currents also adversely effect lubrication oil by altering its chemical proper¬ 
ties. Control of shaft voltages is achieved by taking certain precautions when design¬ 
ing the machine and by introducing shaft-grounding elements and/or bearing insula¬ 
tion. 
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Grounding devices, which can be copper braids or silver or copper graphite brush¬ 
es, should be inspected often. Bearing insulation can be inspected often in certain bear¬ 
ing insulation designs, with the machine online or offline, and after a certain amount of 
disassembly of pipes and other attachments has been performed (see Chapter 9 for ad¬ 
ditional information). 

During major inspections, the bearings and the journals are checked for signs of pit¬ 
ting caused by shaft (bearing) currents. These are easily recognized with help of a 
magnifying glass. They appear as shiny and well-rounded tiny droplets. If the bearing 
surfaces are found to be damaged by shaft currents, then the reason for the existence of 
significant shaft currents should be investigated. Strong candidates are bridged or 
faulty bearing insulation and/or defective or missing grounding devices. Pitted sur¬ 
faces of the bearings should be rebabbitted. Pitted journals should be polished. 

The bearing insulation is commonly made of mechanically strong water- and oil-re¬ 
sistant insulation materials formed from fiberglass or similar bases, laminated and im¬ 
pregnated with resins, polyesters, or epoxies. 

In end-shield mounted bearings, the bearing insulation takes the shape of a ring or 
collar surrounding the bearing or, less commonly, as an insulation layer between 
bracket and casing, piping, and so forth. In pedestal-type bearings, the insulation is 
made of one or two plates, normally placed at the bottom of the pedestal. When double 
insulation plates are used, a floating metal plate is sandwiched between them. This sys¬ 
tem allows each of the insulation layers to be tested without the necessity of interrupt¬ 
ing the operation of the machine, uncoupling it, and taking care of the other arrange¬ 
ments normally required for measuring the bearing insulation (see Chapter 9 for 
additional information). Machines normally have the nondrive end (outboard end) 
bearing insulated. However, machines with couplings at both ends or driven by tur¬ 
bines may have both bearings insulated. In some cases, the couplings are also insulat¬ 
ed. 

It is important to verify during the inspection that the bearing insulation is not cont¬ 
aminated with carbon dust or accidentally bridged with pieces of metal touching the 
bearing pedestal, temperature or vibration sensors, noninsulated oil piping, and so 
forth. If electrical testing of the bearing insulation is performed, the measured values 
should be in the hundreds of thousands of ohms. However, in this application, as in 
many other areas of insulation practice, a wide range of resistance values can be found 
in the literature, from 100 Kfl to 10 Mfi or greater. Given the relatively large shaft 
voltages encountered in large turbine generators, it is preferable to have insulation re¬ 
sistance values in the M( region. 

Reliance only on grounding devices is not recommended. A grounding device is re¬ 
quired to reduce the level of voltages in the shaft to values compatible with the small 
clearances encountered in bearing insulation and between shaft and seals. However, 
the normal contact resistance of grounding devices does not eliminate shaft voltages to 
the extent that bearing insulation would become redundant [9] and, therefore, bearing 
and seal insulation cannot be eliminated with shaft grounding systems. 

Grounding devices are often taken for granted and, therefore, neglected during nor¬ 
mal maintenance procedures. Rather, it is important they be inspected carefully during 
major inspections. 
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Space Heaters. It is common with many large generators to have a number of 
space healers installed. Sometimes, they are located on both sides of the frame, at the 
end-winding region, and sometimes externally, on the belly of the generator casing 
(Fig. 8.10). 

The function of the space heaters is to keep the moisture out of the machine during 
shutdown periods, when moisture is most likely to condense onto critical components. 
By warming the internal air or gas, the water vapor always present in the air or gas 
does not condense onto any of the critical surfaces. Water condensation is detrimental 
to insulation and 18 Mn-5 Cr retaining rings. Thus, keeping the space heaters in good 
operating condition is an important element of correct maintenance when operating 
large electric rotating machinery. 

The inspection should, as a minimum, check for loose connections and integrity of 
the wires and heating elements. If visual access is not satisfactory, then a resistance 
test should be taken at the terminal box to ascertain continuity of the circuit. 

RTD, Thermocouple, and Miscellaneous Device Connection Panel. 

The internal instrumentation inside the generator is brought out through penetrations 
in the stator casing that are specially designed to handle the transition from the inter¬ 
nal high pressure atmosphere of the generator to atmospheric pressure outside the 
casing and frame. (Fig. 8.11) These are generally simple in nature and do not usual¬ 
ly require much attention for maintenance. They should however, still be inspected 
regularly as they can be a source of hydrogen leakage and create significant forced 
outage time, not to mention the extreme safety hazard due to possible hydrogen fires 
from a leak. 



Fig. 8.10 Externally mounted space heater under the belly of the generator. 
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Fig. 8.11 External view of a high-pressure penetration for thermocouples and RTDs 
wired to an external wiring frame. 


There are also sometimes special high-pressure penetrations retrofitted for special¬ 
ized instrumentation that may be introduced after the machine has been in operation. 
These should also be inspected carefully and any gaskets or 0-rings replaced as found 
necessary (figs. 8.12 and 8.13). 

Once the instrumentation is terminated outside of the generator, it must be wired 
back to specific data collection points, such as the unit computer or dedicated data log¬ 
ger, in order to use the information from the device. Wiring racks mounted in enclosed 
cabinets are usually located next to or under the generator for this purpose. All of this 
equipment requires inspection, testing, and maintenance on a regular basis. 

8.1.2 Internal Components 

The main internal components of the stator frame and casing that require inspection 
and periodic maintenance are the support structure, wiring, and hardware. 

Stator Frame and Support Structure. All parts internal to the generator are 
exposed to continual vibration, temperature changes, and other mechanical stresses. 
They may become loose, fractured, or broken. It is, therefore, important to search for 
these abnormalities during the inspection before they develop into major troubles. 

In particular, all components of the winding support assembly are subjected to me¬ 
chanical stresses from torque reactions due to sudden and large load changes. Such oc- 
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Fig. 8.12 External view of a specialized high-pressure penetration for direct connec¬ 
tion of internal partial-discharge monitoring devices. 



Fig. 8.13 Specialized high-pressure penetration for installation of a flux probe. The 
probe is not permanently installed for this type of setup but, rather, only for a test and 
then removed. A valve is provided to ensure that no hydrogen leakage occurs. In mod¬ 
ern installations, the flux probe is permanently installed in the stator and hardwired out 
through a penetration, as described in the text. 
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Fig. 8.14 Externally mounted Instrumentation panel for field wiring of the Internal gen¬ 
erator instrumentation such as RTDs, thermocouples, and other devices such as vibra¬ 
tion probes. 


currences can happen during loss of load, short circuits, pole slipping, and closing the 
generator breaker out of synchronism. Machines subjected to the conditions mentioned 
above, as well as machines operated with many starts, are more susceptible than others 
to hardware failure. 

Some of the most sensitive components are: 

• Compression bolts. Observe if any “greasing” (oil and dust mixed together by 
the friction of two components vibrating within the machine) is present, indicat¬ 
ing loose bolts or core, and integrity of nut-locking device. 

• Surge-ring supports. Look for cracking and looseness. 

• Fingerplates. Look for cracked or bent fingers. 

• Stator core. Look for looseness and mechanical damage. 

• Stator windings. Look for looseness, cracking, and greasing. 

The main component carrying all of the items mentioned above is the stator frame 
and its support structure. Vibrations and torques transmitted to the more sensitive com¬ 
ponents are stimulated by the reaction of the frame. In addition to components used 
within the stator, there is always the possibility of problems occurring with the frame it¬ 
self if a resonant frequency exists in the frame structure near the operating or twice-per- 
operating frequency. Were this situation to occur, vibration of the stator during opera- 
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tion would become very noticeable. In most stators, there is some mechanism employed 
to dampen vibrations between the stator frame and the iron core, while keeping the two 
major components well coupled in operation (Fig. 8.15). When vibrations are abnormal, 
a thorough inspection is required to look for damage to the frame in the form of cracks 
and fretting between components. This may even require some NDE work in the way of 
dye penetrant checks if significant cracks are found. Cracks in welds can be repaired by 
stop-hole drilling where appropriate (Figs. 8.16 and 8.17), or grinding out the crack 
areas and rewelding. This can be a problem in terms of crack locations and clean condi¬ 
tions when such work is required. It is important not to contaminate the internals of the 
generator with metallic debris, which can cause additional damage to insulation systems 
if such debris manages to lodge in the stator windings or other sensitive area. 

Vibration dampening components should be inspected for damage when high vibra¬ 
tions are experienced. It is likely in those instances that the vibration control mecha¬ 
nisms will be loosened or damaged in some way and not fulfill their intended function. 
It is important to keep any vibration-damping device tight so that the core and frame 
move in synch. Otherwise, there may be impacting between the core and the frame at 
the once- and twice-per-revolution frequencies, which are stimulated by the rotating 
magnetic push-and-pull effect of the rotor field. 

One of the essential items to inspect for at the back of the core—at the core-to-sta- 
tor-frame interface—is the keybar area where the core is mounted. If there is high core 
and frame vibration, the impacting of the two components can initiate cracks in frame 



Fig. 8.15 Core-to-frame jacking arrangement keeping the core and frame coupled to¬ 
gether to dampen vibrations. 
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Fig. 8.16 Small weld crack In the frame structure that has been prevented from addi¬ 
tional propagation by drilling a stop hole at the leading edge. 



Fig. 8.17 Major frame crack that has been prevented from additional propagation by 
drilling a stop hole at the leading edge. 
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welds, as well as in some of the other structural members. The more usual occurrence 
is fretting debris coming out of the core dovetails where the keybars are located, as 
shown in Figures 8.18 and 8.19. 

When the vibration is due to a resonant frequency, the result can be catastrophic if 
the vibration is not well damped (Fig. 8.20); even then, well damped vibrations that are 
near a natural frequency have a tendency to eventually become unstable. This is due to 
the loosening of components and increasing clearances as the vibrations continue. This 
is true for all components such as stator end-winding supports as well as the core and 
frame structure. 

RTD and TC Wiring and Miscellaneous Monitoring Devices. Resistance 
temperature detectors (RTDs) and/or thermocouples (TCs) are mainly found in stator 
windings, cooling gas flow paths (Figs. 8.21 and 8.22), cooling water paths, and bear¬ 
ings. Stator winding temperature detectors, normally of the RTD type, are located be¬ 
tween the stator bars and are inaccessible. However, wiring to and from these devices 
outside the stator slots is partially accessible for visual inspection. It should be tightly 
secured along its path to the stator bars, frame, and casing. 

Damaged stator winding RTDs or TCs are usually left in place with their wires dis¬ 
connected or removed, because they are inaccessible. They can only be replaced or re- 



Fig. 8.18 Core-to-keybar interface where looseness between the core and frame has 
allowed impacting damage; debris can be seen migrating out of the dovetails. The key 
attached to the keybar component in this machine is aluminum, and the debris is black 
in color due to the aluminum material and the fact that it is dry from lack of oil mist in 
the generator. 
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Fig. 8.19 Core-to-keybar interface where looseness between the core and frame has 
allowed impact damage. Fretting debris can be seen migrating out of the dovetails. 
The key, attached to the keybar, is made of brass in this machine. In this case there is 
significant oil in the generator, causing a greasing effect of the fretting debris. The na¬ 
ture of the debris in the fretted material is likely a combination of iron from the core and 
brass from the key. 


f 



Fig. 8.20 Keybar nut completely severed at the thread due to high vibration at a nat¬ 
ural or resonant frequency. 
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Fig. 8.22 Thermocouple for measurement of hydrogen gas temperature. The protec¬ 
tive barrier and conduiting of the wiring is clearly shown in this photo. 


Fig. 8.21 RTD protected in a thermo well for measurement of hydrogen gas tempera- 




8.1 STATOR FRAME AND CASING 


431 


paired during a rewind operation. If accessible temperature detectors such as those in 
gas path bearings are faulty, they can be repaired or replaced during a major inspection 
or overhaul. 

Water-cooled windings with hoses are normally fitted with thermocouples in the 
outlet end to measure the cooling water outlet temperature from individual stator bars 
or pairs of bars (Fig. 8.23). These are completely accessible and need to be inspected 
and checked for accurate operation. They can be replaced during outages if they have 
been damaged and are no longer functioning. Figure 8.24 shows the damaged sheaths 
of some hose outlet thermocouples as they enter the main conduit for the thermocouple 
bundle. 

Other types of monitoring devices such as shorted-turns detectors {flux probes), 
partial discharge detectors and vibration detection probes may be found installed in or 
on a stator and these should all be regularly inspected and repaired or replaced as re¬ 
quired. 

Monitoring instrumentation is the front line defense during operation; it indicates 
what is happening to various components inside the machine. The different devices 
that can be found installed will vary widely in the types and amount of monitoring ap¬ 
plied. Regardless, the more monitoring installed, the more that can be diagnosed. 
Therefore, it is important to inspect and maintain all such devices and all of the conduit 
and internal connections (Fig. 8.25) that are also present, to ensure that there is a rea¬ 
sonable degree of monitoring available at all times. Of course, only certain portions of 



Fig. 8.23 Thermocouples installed in the hose outlets of water-cooled stator bars. 
The outer protective barrier is removed in this photo so the installation can be more 
clearly seen. 
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Fig. 8.24 Damaged thermocouple sheaths. 



Fig. 8.25 An example of internal thermocouple connectors with associated wiring 
runs and securing points shown. 
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the machine can be instrumented and it is not possible to cover all the internal compo¬ 
nents, but whatever is instrumented, the devices should at least be kept in good work¬ 
ing order. 

Miscellaneous Hardware. Observe internal-type space heaters for looseness of 
bolts and nuts, and integrity of connections. Inspect all conduits and internal attach¬ 
ments of the like for looseness or damage of any kind. 

Some generators employ “zone rings” or “gas guides” attached to the stator core, 
used to more efficiently direct cooling gas flow between the stator and rotor cooling cir¬ 
cuits (Figs. 8.26 to 8.28). This hardware is attached by ties and wedging and is suscepti¬ 
ble to loosening and damage. They need to be thoroughly inspected and any problems 
found corrected so that they do not become a potential foreign object in the airgap of the 
generator when the machine is in operation. The consequences could be severe if debris 
of that size becomes loose between the stator and rotor when the rotor is at speed. 

Most large machines include air/gas baffles to direct the cooling air or gas to and 
from the fans. In this manner, a cooling circuit is established in the machine. So-called 
fan baffles are subjected to continuous and diversified modes of vibration. Studs or 
bolts should be inspected for excessive stress and fatigue cracks (Fig. 8.29). If broken 
during operation, they will very probably cause extensive damage to the windings or 
rotating elements, particularly the fan blades. 



Fig. 8.26 A large two-pole turbine generator showing gas guides in the stator bore. 
The gas guides are made of insulating material. 







8.1 


STATOR FRAME AND CASING 


435 



Fig. 8.29 Fan-baffle support threaded stud shown. The stud is mounted on the tip of 
the core-compression finger. A number of equally spaced studs are placed around the 
bore. 

8.1.3 Caged Stator Cores—Inspection and Removal 

By far the most prevalent design for generator stators is one in which the stator core 
and the frame and wrapper plate that make up the pressure vessel are one structure. 
This type of construction is termed an “integral” stator. When the stator comes as a 
separate outer casing with a removable inner core and frame it is termed a “caged 
core.” In earlier times, as the design of machines began to approach 500 MW, overseas 
manufacturers had difficulty in transporting such large machines across the oceans due 
both to size but, primarily, weight. The solution to this was to build the stator as a re¬ 
movable “caged core” to allow the separate components to be transported and then as¬ 
sembled on-site. 

Although this created a significant amount of additional assembly work, it did solve 
the problem. But this design has one advantage over an integral stator design in that in¬ 
ner core and frame can be removed and inspected. Thus, the inner frame and back-of- 
core areas, as well as the inside part of the outer casing, can be worked on if problems 
occurr. With an integral design, the issue of accessibility comes into play and when 
there are significant core and frame issues, these can often not be resolved without re¬ 
moval of the entire stator and unstacking the core from the frame, or, in the worst case, 
replacing the entire stator. 

Some of the issues that come up are frame cracks and core and frame vibration. 
These can be inspected and addressed with the caged core arrangement. The series of 
photos in Figures 8.30 to 8.33 show a caged core being removed from the outer casing. 
In this case, a spare stator was available and a simple component exchange was carried 
out to get the machine back in service while the damaged stator was repaired. When 
repairs are carried out, it is often possible to install a steel “tire” at each end of the in- 




Fig. 8.30 Caged core and frame being removed from the casing. The photo shows 
how the entire generator stator must be lifted and supported to allow the inner core 
and frame to be pulled axially out of the casing. 



Fig. 8.31 The caged core and frame assembly is almost completely out of the casing 
in this photo. 
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Fig. 8.32 The caged core and frame assembly is fully out of the casing and ready for 
lifting. 


Fio. 8.33 This photo shows the empty easing with the inner core and frame removed. 
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ner core and frame and set the whole structure on a set of rollers so that the stator can 
be rotated for ease of working. In this way, the stator may be best positioned for what¬ 
ever job is required (Fig. 8.34). 


8.2 STATOR CORE 

8.2.1 Stator Bore Contamination 

Important information on the condition of the machine may be obtained from a general 
view of the bore area and frame. Here are some examples: 

• Excessive discoloration (and, perhaps, flaking) of paint on the casing, frame, and 
bore indicates a probable case of overheating. This could be the result of over¬ 
loading or improper flow of air, gas, or water. 

• The presence of large amounts of oil or a dust-oil mixture indicates possible hy¬ 
drogen seal problems. See Figure 8.35. 



Fig. 8.34 The removed caged core and frame are shown with steel tires installed and 
the entire structure sitting on rollers. 
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Fig. 8.35 Bore area contamination by oil and soot from the rotor and machine inter¬ 
nals. The grease-like mixture of oil and debris has been circulating through the rotor 
winding and stator core cooling paths in this 200 MW hydrogen-cooled turbo-genera¬ 
tor. 


• In certain types of air-cooled machines, large amounts of carbon dust are evi¬ 
dence of deficient sealing between the collector enclosure and main bore areas. 

• Excessive amounts of iron powder mixed with oil and dust or found alone in the 
bore area tend to indicate a loose core or core-to-keybar impacting from high vi¬ 
bration. 

• Greasing found in the stator bore is generally a mixture of fretting debris and oil. 
Care must be taken to determine if the greasing is core interlaminar fretting or 
fretting from stator-winding wedge loosening. 


Regardless of the source of contamination, it is a good idea to remove the contami¬ 
nation material from the stator. In large machines, the stator is often simply dry-wiped 
until clean. In smaller machines, the cleaning is sometimes done by solvent spraying or 
high-pressure water, as long as the fluids and residue can be completely removed after 
application and do not harm the insulation systems in any way. Another method is dry- 
ice blasting since the dry ice evaporates away and does not leave a residue (Figure 
8.36). 

Nuts, bolts, small pieces of lamination iron, or other loose objects found inside the 
machine, oftentimes at the bottom of the casing, should be investigated as to their ori- 
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Fig. 8.36 This photo shows the “before” and “after” results of dry-ioe blasting in a 
small generator. (See color insert.) 


gin (Figure 8.37). They may point to loose space heaters, broken laminations or cooler 
fins, and/or other abnormalities in need of attention. Also, debris may come from 
threads being stripped when unbolting various components, so great care should be 
taken to collect any such material that comes loose. 


8.2.2 Blocked Cooling Vent Ducts 

Blocked cooling vents can derate a machine by restricting the flow of cooling gas 
through the laminations. This phenomenon is particularly evident in open-air ma¬ 
chines, which are more easily contaminated with dirt from the outside surroundings. 
Therefore, the air filters used to keep this contamination out must be cleaned or re¬ 
placed regularly to ensure that the cooling air is free from contamination. 

Blocked vents are particularly common in open-air machines contaminated with oil, 
because any dust or debris that does intrude will mix with the oil to form a thick sludge 
that can plug a vent more easily. Restrictions can show up as hot spots during opera¬ 
tion of the machine; that is, temperature readings from one or several temperature de¬ 
tectors will be higher than those obtained from the other detectors. This can also indi¬ 
cate core insulation problems. 

Normally, a visual inspection with the aid of a light source will suffice to find this 
type of blockage. Where possible, a light placed in the back of the core area while ob¬ 
serving from the inside can result in good observations of the ducts. 


8.2.3 Iron Oxide Deposits 

Iron oxide appears as red powder deposited mainly on the bore and in the radial cool¬ 
ing vents of the machine. When mixed with oil, these deposits may be concealed in 
a mixture of dirt and oil. When iron dust is present (or suspected), this mixture 



8.2 


STATOR CORE 


441 



Fig. 8.37 This photo shows the type of debris that may sometimes be found inside 
the generator casing. The debris shown here is especially dangerous as some of it is 
metallic and, worse still, magnetic. Magnetic debris can easily be trapped in a magnet¬ 
ic field and bore a hole in soft stator-winding insulation, causing severe damage and a 
generator ground-fault trip. 


should be chemically analyzed for content in proportion to weight. A quick identifi¬ 
cation during the inspection can be made by subjecting small portions of the mixture 
to the field of a magnet (one of the desirable inspection tools). If the “dirt” responds 
to the magnetic attraction, then iron dust is most certainly present in significant pro¬ 
portions. 

Iron oxide can result both from loose laminations and loose wedges [1]. In the case 
of loose wedges, the iron dust is mainly seen in the contact region between wedge and 
iron. In the case of loose laminations, the iron oxide powder deposits are distributed on 
larger sections of the machine, on the iron itself. The deposits will tend to concentrate 
in places adjacent to the cooling vents, having been left there by the flowing gas (see 
Figs. 8.38 and 8.39). In severe cases, particularly in air-cooled machines, the large 
amounts of iron oxide powder generated may clog cooling vents. 

When the amounts of iron oxide powder present in the machine are substantial, its 
origins should be thoroughly investigated. If loose wedges are the cause, then they 
should be tightened by rewedging or another effective method. Loose wedges may 
abrade themselves to the extent that they come out of the slot. They may also indicate 
a loose winding condition, with detrimental consequences to stator bar insulation, in 
particular, the loss of semiconducting paint [2,3]. If the iron oxide originates from the 
movement of metallic parts, it probably indicates a loose core or loose portions of the 
core [4]. 
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Fig. 8.39 Close-up view of Figure 8.38. The accumulation of the red powder depends 
on the origin of the powder and the pattern of the flow of the cooling gas. 
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8.2.4 Loose Core Iron/Fretting and Interlaminar Failures 

Cores are pressure loaded to given values during the manufacture of the machine. Dur¬ 
ing operation, the core is subjected to continuous thermal expansion and contraction of 
the laminations (by a phenomenon called magnetostriction), at twice the operating 
frequency. This also affects the supporting structures by thermal cycling and vibration. 
Machines having properly designed and stacked cores are able to withstand these oner¬ 
ous conditions. In many cases, however, after years of operation, this constant move¬ 
ment of the core components and the accompanying metal fatigue, abrasion, and defor¬ 
mation result in a reduction of the core’s loaded pressure. The end result, if not 
corrected, is abrasion or fretting of the interlaminar insulation. The consequences of 
such abrasion are spot heating of the core, broken laminations leading to machine con¬ 
tamination with iron particles, and serious failures of core compression bolts, bolt in¬ 
sulation, and core-compression fingers [4]. Other detrimental effects are deterioration 
of the stator bar insulation due to hot spots in the core, additional core losses, augment¬ 
ed vibrations, and increased audible sound levels. 

One test that checks for the presence of a loose core is the insertion of a knife be¬ 
tween the laminations at several locations. If a sharp-edged blade penetrates more than 
a quarter of an inch, such that it goes beyond the “ear” of the stator tooth and into the 
area that “should” be under pressure from the space blocks, then the core is likely not 
sufficiently tight. Extreme care should be taken not to break the blade, thus leaving a 
piece in the laminations. This technique should be used very carefully, especially in 
any machine with its windings in place. (For a description of the proper procedure, see 
reference [3].) In many cases, the core may be loose but this may not obvious because 
there are no signs of damage or fretting debris. In such instances, the only clue to lo¬ 
calized looseness is the knife test. 

Some utilities check the torque of a sample of the machine’s compression bolts at 
every second or third overhaul, or some other chosen interval. The measured torque val¬ 
ue is compared with those recommended by the machine’s manufacturer. If these bolts are 
found to be loose, the entire core is retorqued in accordance with procedures laid down by 
the manufacturer, but this does not help in determining local looseness in the core. 

Looseness in stator cores can show up in a number of ways, from local looseness in 
the top of the stator teeth, local looseness in the core below slot bottom, and even glob¬ 
al looseness of the core in general. In cases of localized looseness in the tooth top of 
the core iron, the worst case is when it is found at the core end. Core-end looseness, 
however, is often very noticeable. This is because of the fretting effects from axial flux 
impingement due to the stray fluxes from the end windings. The axial stray flux im¬ 
pingement creates a push-and-pull effect on the stator core end, due to the ac nature of 
the rotating magnetic field. This ac flux effect is the actual source of the fretting forces, 
which can eventually cause accelerated wear between laminations. This tends to erode 
the interlaminar insulation and allow circulating fault currents to flow, which may 
eventually overheat the core locally. 

If there is sufficient oil present in the machine due to excess seal oil getting by the 
seals and wipers, it often mixes with the fretting debris from the core and causes a 
greasing effect (Fig. 8.40). This is also very noticeable but must not be mistaken for 
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Fig. 8.40 Greasing from loose iron fretting when the core is oil contaminated. Inter¬ 
laminar insulation deterioration is the result. 


greasing that may be occurring from loose wedges. The “knife” test is recommended 
to confirm the degree of looseness and an EL-CID test to establish if inter-laminar de¬ 
fects exist (Figures 8.41 and 8.42). 

In very severe cases of loose cores, the amount of debris produced by the fretting 
action may be extreme (Figure 8.43) and is often a prelude to an imminent core failure. 
It should also be noted that this effect is far more prevalent at the core ends, where 
stray axial flux penetrates the core-end tooth tops and (in addition to the normal radial 
magnetic pull on the stator core teeth from the rotor) and creates a magnetic push-pull 
effect due to the rotating north and south of the magnetic poles of the rotor, as men¬ 
tioned above. 

The grease produced is generally not harmful to the generator internal components 
because it usually consists of nonconducting materials. However, it is a contaminant 
and may carry conducting particles of iron from the core plate and create a possible 
flashover potential to the machine. Therefore, this material should always be removed 
when the opportunity arises. In addition, the grease becomes a lubricant that can work 
to loosen other components (e.g., winding support systems) if too much is allowed to 
accumulate. The grease should be removed for this reason as well. 

If the fretting damage is not severe, such as in the example of Figure 8.40, then it is 
often possible to separate the laminations and insert mica sheets (Fig. 8.44) to isolate 
each successive lamination from the next. This is usually required when EL-CID test¬ 
ing or a flux test that reveals hot spots confirms interlaminar insulation deterioration. It 




Fig. 8.42 In this photo, the core is shown to be loose by the “knife test,” but there is 
greasing coming from both the core iron and the wedges in the slot. In this case, there 
is core looseness, due to loss of axial core pressure, and stator-winding wedge loose¬ 
ness. When inspecting for either core or wedge looseness, the inspector must be very 
careful to make sure which components are actually loose. Wedge tapping along with 
the “knife test” is required to be sure. 


445 





446 


STATOR INSPECTION 


\, 



Fig. 8.43 In this photo, the core is clearly in distress without even having to use the 
“knife test.” There is iron oxide in dry form present, from the fretting, as well as over¬ 
heated oil and fretting debris. Once this type of damage occurs, there is usually exces¬ 
sive heating localized at the damaged area, from loss of interlaminar insulation. 
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Fig. 8.44 Here can be seen two types of mica, (a) Book mica of the type that is ground 
up for use in stator-bar insulation systems. It comes in layers but is fairly brittle and eas¬ 
ily flakes and breaks into smaller pieces. However, it is good for inserting between lam¬ 
inations because it is very thin and has excellent insulating characteristics, (b) Madras 
mica, which comes from Madras and is also layered but stiffer than book mica due to the 
nature of the layering. The layers can be peeled away from one another and used like 
book mica for lamination separation. The Madras mica is better for defects deeper into 
the stator core teeth because it is stiffer and will not flake so easily when inserted. 
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is applicable generally only at tooth tops if the core is significantly loose or it is possi¬ 
ble to separate laminations by a core “packet spreader.” Once the mica is inserted, the 
core is then generally treated with a penetrating and insulating epoxy of a suitable type 
to help solidify and fill any voids remaining. Finally, the core can be released (i.e., the 
packet spreader removed) and the repair allowed to cure (Fig. 8.45). 

In some cases, the core looseness can cause fretting and wearing of the stator-bar 
insulation as well as the damage to the core itself In this type of effect, the stator wind¬ 
ing may fail before the core, causing a stator ground fault, but more often, the core 
fails first and overheats the stator bar next to it, initiating the ground fault and subse¬ 
quent generator trip. (Figures 8.46 to 8.48) The clue as to whether the bar failed first or 
the core failed first is the degree of damage that occurs. The situation shown in Figures 
8.46 to 8.48 is due to a core failure first, because of the significant damage to both the 
core and the stator bar in that slot. The stator winding ground-wall insulation failure is 
a result of the overheated core. 

In the example shown in Figures 8.49 and 8.50, the looseness is extensive in the 
core tooth, allowing a very high degree of fretting. When fretting is that severe, pieces 
of core plate and space blocks will break off and migrate out into the airgap. One 
might quickly conclude that such a failure requires partial core restacking. However, 
this is not always the case. If the damage is confined to the upper part of the tooth, the 
damaged part of the core can sometimes be removed (with the stator winding re¬ 
moved) and replaced with an epoxy/glass false tooth. 



Fig. 8.45 A hot spot from loose iron fretting was repaired by spreading the core teeth 
and inserting mica to establish interlaminar insulation in the affected area. Penetrating 
epoxy was finally applied. (Note: At the time of this writing, this core has continued 
successful operation for over 15 years.) 
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Fig. 8.46 In this photo, the stator core has failed and melted locally next to a top bar, 
causing a stator ground fault. 



Flo. 8.47 Here the stator bar has been removed from the slot shown in Figure 8.46 so 
the extent of the core damage can been seen more clearly. 
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Fig. 8.48 The stator bar that was removed from the slot in two previous figures is 
shown. The damage to the bar is significant, due to the core failure. 



Fig. 8.49 End-packets of broken laminations belonging to a 500 MW turbo-genera¬ 
tor. 
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Fig. 8.50 Packets of broken laminations belonging to the 500 MW turbogenerator 
shown in the previous figure, repaired with a G10 epoxy/glass false tooth. 


A problem that almost invariably occurs with these types of failures is subsequent 
damage due to the debris now moving in the airgap. These bits of core plate and space 
blocks are thrown around the airgap by the natural rotation of the rotor, flow of cooling 
gas, and magnetic influences. 

Typical damage is the hammering of tooth tops in the stator bore, which shorts out 
varying lengths of laminations and creates more core hot spots (Fig. 8.51). In severe 
instances, loose metallic debris can additionally become lodged in adjacent radial core 
vents and cause hot spots next to the stator bar (see Fig. 8.52). 

In the example of Figure 8.52, the core damage was extensive, covering two full 
packets and partially the two adjacent packets on each side. The depth of the damage 
was found to extend to the slot bottom. Initial reaction in circumstances such as the 
failure described might be to consider restacking the core. Flowever, it is sometimes 
possible to remove the damaged material and attempt a false-tooth repair. 

All the damaged core plate and space blocks must be removed by cutting and grind¬ 
ing. Then the damaged core removal must be terminated at the point where good insu¬ 
lation between laminations can be observed and confirmed by flux testing. The re¬ 
paired surface is then finished with an electroetching process to ensure that all burrs 
and edges are removed from the finished surface (see Fig. 8.53). This is done to elimi¬ 
nate the possibility of remaining interlaminar contacts and further hot spots. For addi¬ 
tional protection, thermocouples may even be installed from the core back and epoxied 
to the slot bottom area (Fig. 8.54). 





Fig. 8.52 Major core fault caused by loose debris in the airgap lodging in the radial 
core vents. Subsequently, the core laminations became shorted, and the circulating 
currents caused a core melt that overheated the stator ground-wall insulation of a con¬ 
ductor bar, leading to failure of the generator after a stator winding ground fault. 






452 


STATOR INSPECTION 



Fig. 8.53 Damaged iron has been removed by grinding and the laminations finally 
separated by electrochemical etching of the core iron surface. 



Fig. 8.54 Thermocouples installed on the repaired surface of the fault area and run 
out the back of the core for termination and permanent online monitoring of the fault 
area core temperature. 
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Electroetching is an excellent technique for removing the burrs and rough edges of 
laminations that have first been ground down to where there is perceived to be good 
core material and interlaminar insulation between laminates. The authors use the word 
“perceived” here because it is not always possible to tell if the damaged material has 
been fully removed. In most instances, using a magnifying glass for close examination 
will tell whether the grinding process has removed all the damaged material to the 
point where the interlaminar insulation is visible and the edges of the laminations can 
be seen. At this point, there are usually rough edges still present and the electroetching 
process is used to remove the burrs and edges so that there is clear inter-laminar sepa¬ 
ration and insulation between the laminates. The typical process for electroetching is 
as follows. 

Materials required 

• 20% phosphoric acid solution by volume 

• Fibreglass wool to hold the acid during the etching process 

• Variable and controllable dc current source capable of at least 20 amperes 

• Clip-on ammeter to control current level 

• Various stainless steel electrodes to suit the contours of the core area where the 
etching is to be done 

• Insulated handle to attach the electrodes to 

• Breathing protection, eye protection, and skin protection due to the corrosive na¬ 
ture of the process 

Procedure 

• Moisten the fiberglass wool with the acid solution. It should not be saturated, 
(i.e., the acid should not be dripping from the fiberglass). 

• Place the moistened fiberglass pad between the electrode and the core where the 
defect is located, on top of the defect. 

• Place the negative polarity of the dc source on the electrode and the positive po¬ 
larity of the dc source on the core frame (i.e., ground). 

• Place the electrode on top of the moistened fiberglass pad and apply approxi¬ 
mately 10 amperes per square inch through the electrode. (The amount of current 
in each instance will have to be a judgment call, and it comes with experience to 
know when the correct electrolytic action is occurring. This means that material 
is being removed without actually burning the core iron.) 

• Continue the procedure, (replacing the moistened pads as the acid becomes de¬ 
pleted in each) until the laminations become visibly separated. 

Postetching Requirements and Cautions 

• Do not tighten the core until after etching is completed. 

• Ensure that there is interlamination insulation up to the etching point so that no 
interlaminar contacts are made when tightening is done. 

• After tightening the core, check the etched surface with a magnifying glass or 
other similar device. 
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• Perform an additional etch of the tightened surface if the magnifier reveals that it 
is required. 

• Verify the repair by an EL-CID and/or flux test with infrared scan. 

• Do not drip the acid solution on any other parts of the core or winding, and wipe 
any spills immediately. 

• Most important, the etching should be done by someone experienced in the pro¬ 
cedure. 

The damaged core material that is removed from the fault area must be replaced with 
a support structure to keep the stator bars properly supported in the slot and secure the 
core repair. Figure 8.55 shows a false tooth, constructed of GIO epoxy/glass and con¬ 
structed in parts, fitted into the space where the damaged core was removed and secured 
into dowels embedded in the epoxy at the slot bottom, for the example under discussion. 

Radial cooling vents were cut into the false tooth to allow cooling of the core below 
the false tooth. The top of the tooth in the core on either side of the false tooth was 
chamfered to reduce fringing fluxes and flux concentrations. Final tightening in the ax¬ 
ial direction was accomplished by placing 1/16 inch (1.6 mm) GIO epoxy/glass stem¬ 
ming pieces in the chamfered part of the core, on either side of the false tooth. Addi¬ 
tional support in the radial direction is provided by dovetails in the false tooth for the 
winding-slot wedges. In service, the thermocouples have continued to record normal 
temperatures at the finished surface of the repair. 



Fig. 8.55 Epoxy/glass false tooth used to fill the space where the damaged core was 
removed. Support Is provided for the stator bars and remaining repaired core. (Note: 
This repair, installed almost 30 years ago, Is still sound at the time of this writing since 
installation.) 
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Finally, on the subject of loose core repair, simple global core retightening by shim¬ 
ming needs to be addressed when there is significant looseness in the teeth tops of the 
core. Global core retightening is easily accomplished by (local) insertions of numerous 
“stemming” shims made of epoxy/glass, which are generally about 1/16 inch thick and 
cut to fit the profile of the stator tooth (see Figs. 8.56 and 8.57). 

Each stemming shim is roughed and grooved on both sides, and drilled to create a 
penetrating epoxy reservoir. When the stemming piece is driven into the core tooth, it 
is coated with a penetrating and insulating “weeping” epoxy, to secure it in place after 
it has been driven into position. In fact, it is often a good idea to brush on some “weep¬ 
ing” epoxy in the general area of looseness. This helps consolidate the core once the 
tightness has been reestablished and the curing cycle begins. It also acts as additional 
interlaminar insulation. 

If the core looseness is significant enough to wear the interlaminar insulation away 
on successive layers of core plate below the slot bottom (see Fig. 8.58), the danger ex¬ 
ists of a runaway core fault that can produce runaway overheating and massive core 
melting (see Figs. 8.59 and 8.60). This is because the circulating currents are flowing 
in the core fault area to the keybars as a return path, and the overheating is well away 
from the stator bars, which would cause the machine to trip on stator ground fault if the 
winding insulation were breached. In most cases, however, the melted core eventually 
finds the stator winding as it flows and a ground fault trips the generator (Fig. 8.61). 
The results of such a failure mode will also cause severe distortion to the core stack 
(Fig. 8.62), and will most likely require a restack of the stator core with new iron. 
Also, there may also be distortion of the core frame and this would need to be ad¬ 
dressed for any attempted repair by core restacking. 

8.2.5 Bent/Broken Laminations in the Bore 

Core laminations are often damaged during the removal of the rotor (Figs. 8.63 and 
8.64). When this occurs, it is not uncommon for them to become partially short-circuit- 



Fig. 8.56 Tooth-top stemming shims made of G10 epoxy/glass laminate. 
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Fig. 8.57 Generally loose core tightened by stemming globally with G10 epoxy/glass 
shims. 


ed. If left in this condition, they may reach excessive temperatures during operation of 
the machine, resulting in damage to the insulation between laminations. It is, therefore, 
recommended that laminations or groups of laminations bent during the removal of the 
rotor be straightened carefully, and their tops separated and impregnated with resin or 
epoxy so they do not remain short-circuited. 



Fla. 8.58 Close-up view of a section of the lamination with the lamination Insulation 
abraded. 
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Fig. 8.59 Runaway core fault showing molten metal pouring out of the back of the 
stator core. 



Fig. 8.60 Massive core fault showing molten metal pouring out of the back of the sta¬ 
tor core. 
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Fig. 8.61 Massive core fault in which molten core iron eventually flowed into the sta¬ 
tor bore through the radial cooling vents of the core next to the stator winding. The 
stator winding overheated and failed due to the molten iron. 



Flo. 8.62 The stator core iron at the back of the core can been seen to have sus¬ 
tained major distortion from a massive core failure. A complete stator core restack was 
required for this machine. 
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It is obvious that care should be taken during replacement of the rotor into the bore 
to avoid damage to the laminations. Any damaged laminations will remain damaged 
until the machine is disassembled again, commonly several years later. 

As already stated in elsewhere in this book, it is most important to identify lamina¬ 
tions that are broken or in the process of breaking up. Broken pieces of lamination can 
get loose and damage the insulation of the stator bars. Small pieces of lamination can 
“drill” into the stator bar insulation by the continuous action of the double-line-fre- 
quency magnetic forces that the field of the machine exerts over these loose pieces of 
metal. Some people call these loose small pieces of metal “magnetic termites.” Bent 
laminations are suspected of having experienced excessive metal fatigue. Therefore, 
the inspector should always assess the source of the bending and the condition of the 
lamination. 


8.2.6 Space Block Support and Migration 

Not all lamination problems are the result of a loose core or inflicted damage. As Fig¬ 
ure 8.65 shows, entire packets of broken laminations can result from lack of sufficient 
support by the I-shaped vent separators at the top of the tooth. The core of this particu¬ 
lar machine (an air-cooled gas-turbine generator) was otherwise found to be tight. In 
this case, repairs included the introduction of epoxy glass laminates between lamina¬ 
tions, and application of penetrating (low-viscosity) epoxy to the damaged area. 

The solution to loose laminations varies, depending on location, severity, and type 
of problem. It ranges from retightening the core compression bolts to changing com- 



Fig. 8.65 Two packets of broken laminations belonging to an air-cooled gas-turbine 
generator. 








8.2 STATOR CORE 


461 


pression plates or parts thereof, to introducing stemming shims, and so forth, as de¬ 
scribed in Sections 8.2.4. 

Another problem that can occur is when a space-block weld breaks, or the space 
block itself breaks. This may allow the broken part to come loose and cause damage 
in the stator bore and, locally, to the core teeth, as previously described in Section 
8.2.4. 

8.2.7 Migration of Broken Core Piate and Space Biock 
Thick Piates 

During operation, large turbo-generators may also exhibit migration of broken sec¬ 
tions of the core plate or the thicker plates next to the radial vent ducts. The thick 
plates generally are the same size and shape as the core plate laminates. Further, the 
thick plate assemblies contain the I-shaped separators that maintain the spacing be¬ 
tween packets of laminations, required by the cooling gas to circulate radially within 
the core. Migration of these components is also usually due to looseness and subse¬ 
quent metal fatigue. 

When migration of the core plate or the vent-spacer assemblies occurs, it is inward 
toward the bore of the stator. Under these circumstances the bottom of the slot of the 
lamination damages the bottom conductor bar in the slot by cutting into the ground- 
wall insulation (see Fig. 8.66). The result can be a ground fault or, worse, multiple 
ground faults from stator bars at different phases, resulting in phase-to-phase short cir¬ 
cuits across the laminations. In this instance, the cost of repairs in time, money, and 
material is generally substantial. 

This migration condition can be safely diagnosed by inspection of the bore with the 
rotor removed. Any migration of these components should be promptly discussed with 
the machine manufacturer. 

8.2.8 Laminations Buiging into Air Vents 

On occasion, inspection of the stator bore may reveal that the core laminations are 
bulging into the air ducts or vent areas, as well as bending away from the core at both 
ends (see Fig. 8.67). These problems normally occur as a result of weakened lamina¬ 
tion support, combined with vibration. 

In some designs, the vent spacers are curved toward one comer of the tooth to direct 
the flow of the cooling gas. In this design, laminations may bulge in the other comer of 
the tooth. 

Laminations with weakened support at both ends of the core are subjected to the ax¬ 
ial stray flux impingement of the core end, as described earlier in this chapter. The 
magnetic forces induced by the twice-operating-frequency axial flux present at those 
regions of the machine may eventually cause these laminations to crack and break due 
to metal fatigue. 

Repairs to the affected core should be made by the appropriate method, depending 
on the extent and location of the damage found. It may be necessary to effect repairs as 
discussed earlier in Sections 8.2.4 and 8.2.5. 
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Migrating duct spacer assembly 



Fig. 8.66 Cross section of slot shows migration of the duct-spacer assembly. 

Taking no action will limit the output of the machine due to overheating arising 
from the restriction on the flow of air (or hydrogen), as well as other heating problems 
associated with the extra losses generated in the core. 

8.2.9 Greasing/Oxide Deposits on Core Bolts 

In large machines, the stator core is almost always compressed by core bolts at the sta¬ 
tor core back. These are torqued to values specified by the manufacturer during the as¬ 
sembly of the machine. Over time, part of the initial pressure within the core is lost. 
This looseness of the core is indicated by movement of the nuts and washers on the 
core-compressing bolts against the compression plates. This movement results in red 
iron oxide deposits or, when oil is present, in a greasy substance. 

If these greasing and/or red iron oxide deposits are encountered during an inspection, 
the core compression bolts should be tightened to the manufacturer’s specified values. 
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Fig. 8.67 Laminations bulging into a vent duct in a large turbo-generator. In this case, 
the offset position of the duct spacer provides weak support on one side of the lami¬ 
nations’ packet. If this condition is left untreated, continuous vibration of the loose 
laminations may cause them to break. 


In some two- and four-pole machines, the compression bolts travel through the core 
laminations. In this case, the force per bolt is approximately equal to the total force in 
the core divided by the number of bolts. For accurate torque values, always contact the 
respective manufacturer. 

It is important to recognize that in machines with expansion-bearing bolts, which 
allow the end windings to slide (see Section 8.3.5 below), the end windings may have 
to be relieved of their brackets before the core is compressed. Subsequently, after the 
core is compressed to the desired pressure, the end windings are tightened again to the 
supporting brackets. This operation normally entails releasing and tightening several 
bolts per bracket, which allows the two halves of the brackets to separate. The reason 
for loosening the bracket halves before compressing the core is to avoid building ten¬ 
sion on the end -windings when the core shrinks during the core-compression opera¬ 
tion. The same may apply to machines with long cores and without expansion-bearing 
bolts. Consult with the manufacturer when in doubt. 

In certain machine designs, the connection rings are kept tight by means of “bell- 
type” spring washers. They are conical in shape and inserted at both ends of the core¬ 
compression bolts (see Fig. 8.68). 

Bell washers have been known to break due to metal fatigue. Being located at the 
end of the core, in the region of high-velocity moving gas/air driven by the rotor fans, 
the broken parts can be thrown with force onto the end windings. This can result in im- 
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Fig. 8.68 Spring washers (also called bell washers) covered with resin-soaked glass 
tape. 


mediate failure or partial damage to the insulation with potential for later development 
into catastrophic faults of the insulation. 

One common practice that eliminates this concern is the use of resin-soaked glass 
tape to wrap the washers together with the bolt heads and/or nuts. In this manner, all 
broken parts of the spring washer will remain contained within the hardened glass tape 
(Fig. 8.68). 

During major overhaul inspections, it is good practice to remove the glass tape from 
the core-compression bolt ends and bell washers to allow their inspection and assess 
the condition of the washers. There are some users who like to change these washers at 
intervals of several years (during a major overhaul), even when they do not show visi¬ 
ble signs of deterioration 


8.2.10 Core-Compression Plates 

Core-compression plates or clamping plates are located at both ends of the stator core. 
They essentially are large and very substantial compression “washers.” The core com¬ 
pression plates are mounted over the ends of the stator core building bolts or keybars, 
and any through-bolt assemblies running the axial length of the stator (Fig. 8.69). 
Large nuts are used to hold the compression plates to the core, and are pressed in at the 
factory, as previously described in this chapter in Sections 8.2.4 and 8.2.9. Generally, 
it is rare to find problems with the compression plates themselves, but they need to be 
inspected. Loosening of the core pressure and, hence, the compression plates, is the 
most likely issue to be found. 
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Fig. 8.69 Core-compression plate on the stator core end. 


The keybar and through-bolt nuts of the core-compression plates should be checked 
for looseness and the manufacturer should consulted regarding retightening. One cau¬ 
tion should be noted when retightening, however: if there are known core interlaminar 
defects found by EL-CID or flux testing, retightening before correcting these may 
make the defects worse, due to the increased axial pressure exerted and resulting better 
interlaminar contact. 

8.2.11 Core-End Flux Screens and Flux Shunts 

One of the components that are often overlooked during stator core inspections are 
the core-end flux screens (Fig. 8.70), or in some machines the core-end flux shunts 
(see Chapter 2 regarding flux shunt arrangements) mounted at both ends of the stator 


core. 
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Fig. 8.70 Core-end flux screen mounted on a core-end compression plate. 


Flux screens are generally made of copper and used to shield the core-compression 
plates and the core ends from axial stray flux, which can cause core-end overfluxing 
and subsequent overheating. Flux shunts are used as well to prevent stray flux from en¬ 
tering the core end and to keep core-end heating at acceptable levels. 

Inspection of these flux diversion components is required to ensure that they have 
not overheated and caused damage to adjacent components such as the core-compres¬ 
sion plates they are mounted on, or the stator winding that is installed next to them. 
Flux screens and shunts become very hot in operation, due to the eddy currents in¬ 
duced in them, and are required to be cooled. Sometimes, they are water cooled within 
the same demineralized cooling water circuit as the stator winding or by the cooling 
gas of the internal generator. 

In addition, flux screens are often electrically isolated from ground to avoid further 
overheating by additional circulating currents through ground. These should be 
checked for insulation resistance as well as inspected for thermal and distortion dam¬ 
age. However, there are also flux screen arrangements that call for grounding of the 
copper screen. In these designs, it is important that the ground connection be checked 
to ensure it is in good condition and that it is the source of grounding of the screen and 
not some other component that the screen is mounted on, attached to, or touching. 
Having the screen grounded through a component that is not designed to handle the 
ground current may cause it to overheat and fail. 
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8.2.12 Frame-to-Core Compression (Belly) Bands 

Many types of two-pole machines include compression bands, also known as belly 
bands or belly belts, around their spring-supported stator core [6]. These provide con¬ 
trol of the vibration levels of the machine. It is not uncommon for additional com¬ 
pression bands to be installed if core vibrations reach unsatisfactory levels (Fig. 
8.71). 

Belly bands are normally not accessible during an inspection, but many machines 
do have inspection ports on the underbelly of the stator casing that can be opened up 
during overhauls to inspect and possibly retighten the bands. However, their inspec¬ 
tion is rarely considered other than when stator vibration problems are present and 
can be attributed to insufficient peripheral compression of the core suspension 
arrangement. Manufacturers can provide the values to which compression bands 
should be torqued. 

8.2.13 Back-of-Core Burning 

Back-of-core burning occurs due to current transfer between the stator core frame key- 
bars and the iron core. Obviously, this occurs at the back of the core, where the keybar 
system makes contact with the core in the dovetail area. The currents induced can be 
anywhere from negligible to extremely damaging. The main influences for the current 
transfer mechanism are the degree of mechanical coupling in the radial and tangential 



Fig. 8.71 Stator core and frame compression bands or belly bands. 
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direction between the core and keybars, and the magnetic saturation effects in the core, 
especially at the ends. Since the keybar currents are a function of the magnetic satura¬ 
tion levels of the core and, hence, the back-of-core flux density, the higher the flux 
density and magnetic saturation, the higher the leakage flux and the greater the keybar 
currents. 

First, consider that the keybar structure forms a “squirrel cage” that inherently car¬ 
ries currents due to leakage flux at the back of the core. This leakage flux links the 
squirrel cage and causes substantial current to flow axially, down the keybars. The cur¬ 
rent then transfers from keybar to keybar at the core ends via a suitable path, which 
generally has the lowest impedance. The path can be the core itself, or some part of the 
core-end clamping structure or the core frame. It most likely occurs in the core when 
noninsulated keybars are employed, but the current levels are generally not harmful in 
a machine that has a magnetically well-designed core-end region and good contact be¬ 
tween the core and the keybars. “Magnetically well designed” means a core end that 
does not oversaturate during any mode of operation and a core that is operating at low¬ 
er saturation levels. In addition, the squirrel cage acts as a damper to minimize, or even 
negate, flux linkage with the remainder of the core-frame structure. 

Generally, back-of-core burning occurs at the core ends. It has been reported that 
cases of back-of-core burning have been seen away from the ends, but this has un¬ 
doubtedly been on machines in which a core failure has occurred. In that case, the 
back-of-core burning occurred directly behind the location of the fault. 

Oversaturation of the core ends has been a major contributor to back-of-core burn¬ 
ing in many of the cases seen. Therefore, it is essential to prevent this situation. If this 
cannot be prevented, then current transfer from the keybars to the core must be short- 
circuited by an alternative and lower-impedance path. But back-of-core burning also 
requires an intermittent contact or high-resistance joint between the core and the key- 
bars for burning to occur. This has everything to do with the mechanical coupling be¬ 
tween the core and keybars, in the radial and tangential directions. Therefore, back-of- 
core burning can occur without oversaturation of the core ends, but it will be worse in 
a magnetically poorly designed core end. 

Saturation of the core ends is most likely to occur from operation in the leading 
power factor range. This is due to the stator end-region effects, which produce a higher 
level of axial flux impingement on the core ends in the leading power factor range. The 
net effect is that if the core is not protected against or designed properly for this, the 
end iron will oversaturate and cause excessive leakage flux at the core back, at the 
ends. 

Oversaturation can also occur on a well-designed core end in the leading power fac¬ 
tor range, if the particular machine employs magnetic retaining rings. Electromagnetic 
finite-element analysis on generator end regions has shown a significant difference in 
effect between the uses of magnetic versus nonmagnetic retaining rings in some ma¬ 
chines. In fact, there are cases in which a 40% reduction in core-end flux density at 
0.95 pf leading has been achieved when magnetic rings were replaced with nonmag¬ 
netic rings. 

When there is core-end oversaturation and, hence, higher leakage flux, there is a 
tendency for the interlaminar voltages at the core ends to increase, and, of course. 
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higher currents to occur in the keybar system due to this localized effect. It is believed 
that the increased interlaminar voltage at the core ends and the higher currents can cre¬ 
ate an arcing and sparking effect, which causes the burning to occur at the core/keybar 
contact areas. In addition, make-and-break (contact) action from stator vibration is sus¬ 
pected to influence the initiation of sparking due to the vibration effects (see Fig. 
8.72). If the core ends are oversaturated due to increased axial flux, the circulating cur¬ 
rents in the individual laminations will be higher. (Then the core-end temperatures are 
also raised due to higher losses, which increases the chances of interlaminar core fail¬ 
ures in the ends). Therefore, there is a possible contribution to the back-of-core burn¬ 
ing simply by the eddy currents transferring and conducting through the keybar/core 
contact area. 

One other interesting fact is that generally not all of the keybars carry the torsional 
load and, hence, not all the keybars will have good contact with the core. Core-ffame- 
to-core-mechanical coupling analysis by finite element analysis has been done in past, 
and showed that in some cases only about 20% of the keybars actually take up the tor¬ 
sional load. This may explain why back-of-core burning is not usually seen on all key- 
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bars, even though the leakage flux will be evenly distributed around the back-of-core 
circumference. 

8.2.14 Core-End Overheating 

One of the most onerous issues for stator cores is core-end overheating, which is usual¬ 
ly most prevalent at the core ends and during leading power factor operation (see 
Section 2.5 for a detailed description of the mechanism). Higher magnetic saturation and 
higher flux densities in the core can cause higher interlaminar voltages in the core ends 
and may have a subsequent effect of arcing across laminations in the axial direction (Fig. 
8.73). If there are interlaminar defects present, the situation can become critical much 
faster. The unfortunate nature of this type of damage is that it cannot be observed di¬ 
rectly during an inspection, unless it is at the tooth tops of the stator core. However, if an 
inspection of the back of the core reveals back-of-core burning, then there is the possi¬ 
bility that some interlaminar breakdown may be occurring, as shown in Figure 8.73 and 
that the burning at the core back is the return path for the fault. Usually, the defect has to 
be substantial before core-back burning as the return path can be seen. In any case, it is 
difficult to determine if the core-back burning is due to a defect near the bore, as the 
more common occurrence with back-of-core burning is that it is localized at the back of 
the core only (as described in Section 8.13). When there is uncertainty, the best approach 
is to carry out EL-CID and flux testing with an infrared scan. 

In cases of prolonged operation, when the stator core is experiencing high core-end 
temperatures, the interlaminar insulation may suffer advanced signs of aging from the 
excessive heating; this can be seen as “heat staining” on the surface of the laminations 



Fig. 8.73 Stator core laminations are shown from two successive layers. The arcing 
between layers can clearly be seen to occur at a stress point, which is a lamination 
edge on the upper laminate. 
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(Fig. 8.74). Again, this is not possible to observe visually during a regular maintenance 
inspection because it is totally inaccessible. It may be possible to see during a stator 
rewind with the winding removed, if the heating is severe enough to show discol¬ 
oration at the bottom of the stator slot. Again, the best approach is to carry out EL-CID 
and flux testing with an infrared scan. Damage such as that shown in Figure 8.74 will 
show up with both of these tests if they are done correctly. 

If the overheating effect is very severe, then the interlaminar insulation may simply 
break down and cause a core fault to occur (Figs. 8.75 and 8.76). One clue to a general 
core-end overheating problem, rather than a localized defect, on a generator stator is 
that there will be “heat staining” at the slot bottom on every slot. Finite-element analy¬ 
sis of stator cores shows that the hot spot for the flux in the stator yoke behind slot bot¬ 
tom is right at the slot bottom where the heat staining is observed in Figures 8.74 and 
8.75. When one adds the effect of end region stray fluxes in the axial direction during 
leading power factor operation, core end overheating becomes more possible. This is 
especially prevalent in stator cores in which the core end flux loading is high from high 
electric loading and there is marginal leading power factor operational capability. 

One last point on core-end overheating is that the most common result is subse¬ 
quent overheating of the stator winding and generator trips on the stator ground fault 
on a bottom bar, once the ground-wall insulation has broken down enough to allow a 
discharge to the stator core. 



Fig. 8.74 Stator core end section of a core that has been partially unstacked. The 
light “heat staining” can be seen at the slot bottom on each slot. 
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Fig. 8.75 stator core end that has been partially unstacked. There is heavy “heat 
staining” visible and the core has suffered a breakdown of the interlaminar insulation 
and caused a stator ground fault to occur. A close-up of the core melting in one of the 
slots is shown in the next figure. 



Fig. 8.76 A close-up of the core melting at the slot bottom of one of the slots in the 
machine of Figure 8.75. 
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8.3 STATOR WINDINGS 

8.3.1 Stator Bar/Coil Contamination (Cieaniiness) 

It is almost certain that during most comprehensive inspections some contamination 
will be found on the stator bars or coils of the machine. Given that these intensive in¬ 
spections are performed at intervals of several years, and given the adverse effects con¬ 
tamination has on the integrity of the insulation, it is appropriate to recommend clean¬ 
ing the stator winding. 

Contamination causes degradation of the insulation by providing a medium for cur¬ 
rents to flow on the surface of the insulation. This results in tracking and reduction of 
the insulation properties. In addition, contamination may penetrate the insulation cell 
via cracks, which occasionally results in tracking followed by a short circuit. 

Normally, inspection will determine the measures required for cleaning the insula¬ 
tion based on the degree of contamination found during the inspection. There are sev¬ 
eral choices; some are mechanical, such as vacuum, compressed air, crushed com 
cobs, lime dust, CO 2 pellets, bmshes, and cloths. Chemical methods include solvents. 
Steam cleaning is another option. 

The choice of any particular cleaning method should be based primarily on the type 
of winding insulation, the degree of dirt or contamination encountered, the condition 
of the windings (how they might be affected by the impact of particles, steam, etc.), 
and how exposed they are to solvent ingression [10]. Various states and jurisdictions 
may impose different regulations on the use of the many solvents available. Reference 
[4 item (7, p. 11)] contains a well-written and detailed description of different methods 
for cleaning windings. 

Air-cooled machines usually sustain atmospheric types of contamination such as 
moisture and dirt particles (Fig. 8.77), as well as oil contamination. Air-cooled stators 
should be cleaned regularly due to the more onerous effects of partial discharges in an 
air environment. 

Water-cooled windings present a particularly severe problem regarding oil and/or 
water contamination. The design of the stator-bar support system within the slots and 
the higher electromagnetic radial forces present in these machines make these types of 
windings less tolerant of oil and/or water contamination. 

Oil contamination of the ripple {spring) fillers located on one side of the slot re¬ 
duces the friction designed to retain the stator bars under large radial forces. A winding 
too saturated by oil contamination could be beyond easy repair and may require a full 
rewind. 

Water ingression is damaging to the wall insulation of the bars. Control of water and 
oil ingression is primarily an online monitoring activity. However, if excessive oil and/or 
water contamination is encountered during a major inspection, the inspector has to eval¬ 
uate the type of response required to return the machine to a reliable operating condition. 

Regardless of the type of contamination that may be present, it is always a good 
idea to remove it if possible. Contamination presents an unpredictable variable in the 
insulation life of a stator winding, and makes it difficult to predict long-term reliabili¬ 
ty, since contamination products also affect any electrical test results. The type of 
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Fig. 8.77 In this photo there is significant dirt contamination shown on the endwind¬ 
ing, but there is also a significant amount of slot-exit partial discharge residue or 
“corona” discharge present in the form of a white powder. In this particular case, the 
“corona” discharge residue is easily wiped off and there is no sign of ground-wall insu¬ 
lation deterioration at this point. The dirt contamination in this machine is not responsi¬ 
ble for the corona in this particular case. The issue here is more of a slot-exit grading 
system problem. (See color insert.) 


cleaning and cleaning materials to be used should be assessed at the time and in con¬ 
sultation with the manufacturer, since they have the in-depth knowledge of the insula¬ 
tion system and what may or may not be harmful to use. 

8.3.2 End-Winding Biocking and Roving 

End-winding blocking and roving consist of the material used to separate the sides of 
the stator bars at the end windings and between end-winding connections. Design 
trade-offs determine the clearances between the stator bar sides at the end regions, 
which can generally range from large to relatively small (on the order of a fraction of 
an inch). Tolerances of the manufacturing process of the stator bars, as well as me¬ 
chanical stresses arising during their installation, result in many stator bars touching 
each other at the end windings. Left alone, the stator bars will rub each other at twice 
the operating frequency during the operation of the machine. Moreover, sudden 
changes of load or external short circuits can create large movements of the stator bar 
ends. The continuous movement, combined with the rubbing between stator bars and 
the large sudden movements that can occur during stress events, as well as different 
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temperature-related expansions and contractions, are strongly detrimental to the in¬ 
tegrity of the ground-wall insulation of the stator bars and can severely reduce the ex¬ 
pected life of the windings. To eliminate the movement between stator bars, blocking 
and roving are used. 

When the blocking is carried out by inserting separators between the stator bar 
sides, the blocking materials come in two basic forms: solid or amorphous blocking. 
Solid blocking can be of rectangular shape or conform to the shape of the stator bars. 
Both shapes are made of solid insulating materials, such as textolite, maple, and so on. 
Amorphous blocking is made of felt or felt-like material, which is soaked in resin or an 
equivalent impregnating material during installation, or as part of a vacuum-pressure 
impregnation (VPI) process. 

Felt-like material is found in most modem machines, whereas older windings are 
primarily blocked with solid separators. Often, solid separators tend to get loose after 
long periods of operation. In severe cases, they will even fall from the winding. Opera¬ 
tion of the machine with loose or missing blocking will adversely affect the reliability 
of the winding. Therefore, loose or missing blocking should be treated or replaced as 
necessary. 

Solid blocking material is almost always held in place with ties (see Fig. 8.78). In 
such cases, the condition of the ties determines how effectively the blocking performs. 
In other cases, no ties are involved and only substantial roving (see Fig. 8.79), impreg¬ 
nated with epoxy and then cured, is employed. 



Fig. 8.78 The end-winding of a turbo-generator. Shown are the blockings between 
the stator bars, held with ties. 
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Fig. 8.79 Close-up of roving arrangement shows resin-soaked and hardened roving 
made of glass fiber. 


When exposed over a long period of time to the relatively high temperatures en¬ 
countered in the machine, ties tend to “dry” by evaporation of the solvents and become 
brittle. Thus, their structure deteriorates and they lose volume. Becoming loose, they 
allow relative movement between the stator bar sides. Subsequently, the ties and 
blocking are further deteriorated by abrasion, with negative consequences to the wind¬ 
ing integrity. 

Ties are, therefore, an item to be inspected carefully. Defective ties may exhibit 
powder deposits, flaking, tearing, or other telltale signs of deterioration. If relatively 
few ties show an inadequate condition, they can be treated with lightly viscous epoxies 
to fill the voids, thereby tightening anew the tie-block structure upon drying out. If a 
substantial number of ties show signs of degradation, retying the complete winding 
should be considered. 

Inspection of the end windings should include evaluation of the condition of the 
blocking, ties, and roving. Signs of looseness include greasing, dry/loose/broken ties, 
powder, abrasion signs on stator bars, cracked paint coating, and missing blocking 
pieces (Figs. 8.80 to 8.82). Suggested corrections can include one or more of the fol¬ 
lowing: retying, new blocks and ties, amending the stator-bar wall insulation, cleaning, 
and applying penetrating epoxies or resins. In some cases, though, looseness and high 
vibration may be due to the natural frequency of the end winding being too close to the 
twice-per-revolution operating frequency. When such a situation occurs, the best solu¬ 
tion is to increase the stiffness and support of the end winding to move the natural fre- 
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Fig. 8.81 Close-up of localized greasing of a stator end-winding tie from insufficient 
support. 
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Fig. 8.82 Greasing of stator end-winding support bracing due to high vibration 
caused by a resonant frequency in the end winding being too close to the twice-per- 
revolution frequency. 


quency of the end winding higher and further away from the twice-per-revolution fre¬ 
quency of operation. When this is not possible, retightening and increasing the damp¬ 
ing effect will help, but this does not usually result in a permanent solution, and such 
end windings will need to be inspected and maintained more often. 

8.3.3 Surge Rings 

As explained in the previous section, the end windings of electric machines are sub¬ 
ject to substantial movement during sudden changes of load, in particular during 
short circuits in the “electrical vicinity” of the machine. These movements are detri¬ 
mental to the integrity of the insulation. Severe movement will deform the windings 
and possibly crack the insulation of stator bars, lead connections, stator bar connec¬ 
tions, and so on. To minimize the damage inflicted by end-winding movements, the 
stator bars are tied to circular rings commonly called surge rings or support rings 
(Figs. 8.83 to 8.85). In large machines, the rings are normally made of steel and 
sometimes of fiberglass materials. The steel rings are themselves covered with sever¬ 
al layers of insulation. 

Ties securing the end windings to the surge rings suffer the same type of tempera¬ 
ture- and abrasion-dependent degradation as the ties between stator bar sides. When 
this occurs and is allowed to persist for extended periods of time, abrasion may result 
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Fig. 8.85 Bore-side single surge ring of a four-pole stator and the ties in the end 
winding. Note the much shorter involute overhang of the end winding due to a much 
shorter required pitch factor for a four-pole machine. These end windings are usually 
stiffer and less prone to natural frequency and vibration issues than two-pole stators. 


in the wall insulation of the stator bar and the surge-ring insulation. The natural conse¬ 
quence is a phase-to-phase or ground fault at this location. 

As with the blocking ties, inspection should include looking for signs of excessive 
dryness, greasing, deposits of powder (normally of bright color), and so forth. The re¬ 
pairs are similar to those proposed for the blockings and ties (Section 8.3.2). 

8.3.4 Surge-Ring Insulation Condition 

The purpose of the insulation on surge rings made of steel is to minimize the possibili¬ 
ty of a ground fault to the rings. As described in the preceding section, the movement 
between stator bars and surge rings is minimized by effective ties, but not completely 
eliminated. The surge-ring insulation provides an additional layer of protection in a 
critical area of the machine. 

Inspection of the surge-ring ties and insulation more often than not requires mirrors, 
since they are usually in a restricted place, not allowing direct visual access. However 
it is done, inspection of the windings should always include evaluation of the integrity 
of the surge-ring insulation, in particular in the areas beneath the ties. Greasing, pow¬ 
der deposits, and other telltale signs should focus the inspector’s attention on a proba¬ 
ble degraded condition. In addition to deterioration due to movement of the stator bars, 
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the surge-ring insulation can deteriorate due to electrostatic discharges from the stator 
bars. These appear as electric tracking and/or bumlike marks on the insulation of the 
surge ring and offending stator bar. If significant, the problem can be taken care of by 
cleaning the affected area and by adding a few layers of new insulation impregnated 
with insulating resins and insulating paints. 

8.3.5 End-Winding Support Structures 

The end-winding support stmctures constrain the movement of the stator bars by dis¬ 
tributing the forces exerted by one stator bar onto other stator bars, and by transmitting 
them to the frame of the machine. In order to accomplish that, the support structures 
must remain in sound condition. Inspection should include looking for loose parts, 
bolts and/or nuts, cracked supports made of solid insulation material, greasing of bolts, 
and cracked or loose welding. 

There are a large variety of support assembly designs, but in most large turbo-gen¬ 
erators they are brackets attached to the core-end compression plates (see Fig. 8.86) 
and, sometimes, to the inner stator frame as well. In some machines, there may even be 
a surge-type ring of significant size behind the end winding, to which support arms or 
brackets are attached. 

Experience has shown these to be sturdy and reliable stmctures. Nevertheless, they 
should be examined, at least during major inspections, to verify that they remain in 



Fig. 8.86 Schematic representation of a typical end-winding support assembly of a 
small turbo-generator. 








good condition. As is the case of the surge-rings, the supporting assembly is not readi¬ 
ly accessible for visual inspection. Inspection requires some diligence and agility on 
the part of the inspector. Mirrors can go a long way in facilitating inspection of the 
support assembly of these support arrangements. 

With some designs of large generators, there is often a means provided to retight¬ 
en end windings should they come loose due to vibration in operation over time. 
Such tightening arrangements can be complicated, and are generally found at the 
back of the end winding. One such mechanism for this purpose is shown in Figures 
8.87 and 8.88. 

Any type of retightening system must always be checked during an outage and 
readjusted if necessary. Also, if end-winding vibration monitoring is provided, then 
this can indicate a need for an outage, to go inside the machine and carry out the 
retightening. Retightening operations must be done very carefully. The example of 
Figure 8.89 shows the damage probably caused to the end-winding main support 
brackets by aggressive tightening operations over the life of this generator. One must 
seriously evaluate any retightening activity against the strength of materials and other 
design considerations. 

Because of the significant changes in stator winding temperatures that occur inside 
a generator between operation at high and low loads, as well as when shut down, axial 
expansion must also be accounted for. In most large turbo-generator designs, the end¬ 
winding support assembly is allowed to move in the axial direction to accommodate 
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Fig. 8.88 End-winding support assembly and retightening mechanism of Figure 8.87, 
from a side angle. This photo shows more clearly how the wedging system of the de¬ 
vice will increase the pressure between the main support bed and the stator winding 
when the tightening rod is turned. 


Fig. 8.89 This end-winding main support bracket appears to have been cracked by 
too much retightening of the end winding. The retightening is carried out during those 
occasions when the rotor is out of the bore, by means of bolts whose heads are locat¬ 
ed in specially drilled spaces In the bracket. 
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the thermal expansion and contraction of the winding. The movement is allowed in the 
design of all end-winding support structures in one way or another, and there are many 
variations. 

One method is by having the whole end-winding support system mounted on ex¬ 
pansion-bearing bolts. Continuous vibration may cause fretting and eventually break¬ 
ing of the bolt assembly (see Fig. 8.90). This situation may encroach upon the free 
movement of the end-winding support system, giving rise to uneven stress. The stress 
may damage the integrity of the end-ring support system. Also, some indications exist 
of abnormal vibration caused by faulty expansion-bearing bolts providing insufficient 
support to the end windings. Therefore, the expansion-bearing bolts, when present, 
should undergo close examination during a major inspection. 


8.3.6 Ancillary End-Winding Support Hardware 

In large machines, it is common to find other hardware that participates in retaining the 
end-winding structure and other system components. This is particularly true in water- 
cooled machines, in which there is an additional requirement to support not only the 
stator bars themselves but also the structures supporting the numerous manifolds, wa¬ 
ter pipes, and other related hardware. One of the critical areas for the integrity of the 
water system is the condition of the several 0-rings connecting different sections of 
the manifolds (see Figs. 8.91 to 8.93). 



Fig. 8.90 A winding-support bearing bolt. Grease deposits shown on the bolt are an 
indication of looseness. 
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Fig. 8.91 Portion of an end winding of the water-cooled stator of a turbo-generator. 
The water-carrying hoses connect to the stator bars at the stator bar ends. 



Fig. 8.92 Manifolds and other water-carrying piping belonging to a large turbo-gener¬ 
ator. 
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Fig. 8.93 Schematic representations of the end-windings of water-cooled stators of 
turbine generators. The lower diagram shows a spring-mounted bracket-support sys¬ 
tem. (Courtesy of ABB.) 

It is impractical to describe here the many types of structures found in the industry. 
However, regardless of the construction, the instructions for the inspector remain the 
same: Look for indications of looseness; fractured parts; loose parts, bolts, and nuts; 
and cracked welding. The treatment for any abnormal condition depends on the avail¬ 
ability of spare parts and the type of problem. 
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8.3.7 Asphalt Bleeding/Soft Spots 

Sometime during the 1920s and 1930s, the electrical machine manufacturing industry 
began utilizing asphalt as the bonding agent for the insulation of large synchronous 
machines. Asphalt was used to bind mica flakes (asphalt micafolium) to form the wall 
insulation or was used to bond the mica flakes to a tape (asphalt mica tape). In the lat¬ 
ter case, the wall insulation was made of a number of layers of tape. The number of 
layers depended on the tape and the rated voltage of the machine. A final layer of ar¬ 
mor tape made of cambric or other materials was commonly used as protection to the 
cell insulation. In addition to the basic mica and asphalt components, a variety of other 
elements can be found, such as varnish, asbestos tapes, semiconducting tapes or paints, 
and Mylar, depending on the type of machine, the manufacturer, and the year of pro¬ 
duction. The stator bar’s fabrication process was completed by a vacuum cycle to re¬ 
move volatile components, followed by hydraulic pressing. The varnish was applied 
from a tank or with tape. Asphalt windings are normally rated as class B (130°C). 

Windings based on asphalt as the binding element were a great improvement over 
varnished cambric and cells using shellac as the binding material. Asphalt is less prone 
to voids due to the evaporation of volatiles and is more resistant to water vapor intru¬ 
sion. Therefore, it is less susceptible to partial discharge and electric treeing. The insu¬ 
lation in the region of the end windings was a vast improvement over designs made 
with older insulation systems. Dielectric losses were also reduced. Asphalt allows the 
ground-wall insulation to become more flexible and less susceptible to cracking and 
delamination [11]. Asphalt-based stator bars will expand and fill the slot snugly, re¬ 
ducing (in fact, almost eliminating) abrasion of the wall armor due to vibration of the 
stator bar. Also, a tight fit goes a long way toward minimizing slot discharges, an im¬ 
portant mechanism of ground-wall insulation deterioration. Finally, asphalt insulation 
possesses better heat-transfer capabilities than older insulation systems. 

Asphalt-based stator bars are included in the group of thermoplastic insulation sys¬ 
tems. Their manufacture was gradually replaced during the 1950s and 1960s by an in¬ 
sulation system called thermosetting. 

Given the popularity of the asphalt-bonded windings before the thermosetting sys¬ 
tems were introduced, a very large number of machines still operate with those wind¬ 
ings. The most common failure mechanisms of these insulation systems are described 
in this and subsequent numbered sections. 

In conjunction with the aforementioned advantages, asphalt-based insulation sys¬ 
tems are prone to develop a number of problems that are very specific to the class of 
thermoplastic insulation systems. A major disadvantage of this insulation is its poor 
thermal resilience. When exposed to high temperatures, the asphalt develops a sharp 
drop in viscosity and thus tends to migrate along the stator bar to areas of less pressure. 
When allowed by a failure in the armor tape, it can even flow out of the stator bar. 
Once the thermoplastic element migrates out of a stator bar section, thermal aging is 
accelerated due to resulting poorer heat-transfer capabilities. In addition, the excess 
dryness of the area results in increased partial discharge activity within the wall insula¬ 
tion and in the vicinity of the conductors. If the affected area is large enough, magneti¬ 
cally induced movement of the conductors within the insulation will ensue. This ere- 
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ates internal abrasion with subsequent increase of partial discharge activity. All these 
mechanisms have the potential to develop into intertum and/or tum-to-ground failures. 

Asphalt migration might show up as bulging of the insulation in some places. In se¬ 
vere cases, the asphalt will ooze out of the stator bar, running along it and/or dropping 
onto other surfaces (Figs. 8.94 and 8.95). 

Attempts should always be made to treat areas affected by severe bleeding or mi¬ 
gration. The area can be patched with armor tape, rebuilt with epoxy-loaded mica tape, 
or any other procedure deemed proper to the type and severity of the damage. 

On occasion, migration of the asphalt is masked from view by the armor tape. The 
stator bar may appear to be in good condition, without bulging or other visible defor¬ 
mation; however, under the armor tape, a void may be present. Only a spongy or soft 
yielding to pressure applied by hand on the suspected areas will reveal the presence of 
a weakened or absent ground-wall insulation. In some cases the location of the soft or 
spongy area is not directly accessible by hand. In these cases a probe, preferably non- 
metallic, should be used. Care should be taken not to further damage the insulation 
with the probe. 

Given the susceptibility of thermoplastic materials to heat, it is important to avoid 
any abnormal operation resulting in excessive temperature rise of the windings in ma- 



Fig. 8.94 Asphalt bleeding from an overheated stator winding of a large turbo-gener¬ 
ator. The generator was forced out of service when the stator winding eventually suf¬ 
fered a ground fault. This photo shows the extent of the asphalt bleed after partial dis¬ 
assembly of the endwinding blocking and ties. 
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Fig. 8.95 Prior to disassembly of the stator endwinding in Figure 8.94, the asphalt 
was found flowing from the overheated stator winding through the radial cooling vents 
in the stator core and the site of the ground fault. 


chines with this type of insulation. By the same token, when inspecting machines with 
these insulation systems that were overheated for a relatively prolonged time by over¬ 
load or insufficient cooling, one should take into account the possibility of severe 
winding damage. 

8.3.8 Tape Separation/Girth Cracking 

A problem common to machines with thermoplastic insulation systems (mainly as¬ 
phalt) is that the normal thermal cycling undergone by the machine, coupled with the 
snug fit of the stator bars in their slots, tends to generate cracks within the ground-wall 
insulation called tape separation and girth cracking. Although there is some confusion 
between the two terms (they may mean the same thing in some publications and differ¬ 
ent things in others), they can be defined as follows. 

A tape separation is a separation of the tape covering the wall insulation of the sta¬ 
tor bar due to axial expansion and contraction of the conductors and the opposing 
forces of the slot applied to the wall insulation. In some cases, only the armor tape is 
separated. In other instances, the mica tape comprising the ground-wall insulation is 
also affected. When this occurs, a few layers may be affected; in more severe cases, 
the whole tape will move, creating a “neck” in the stator bar. Sometimes, the ground 
wall will separate, forming a sharp crack (Fig. 8.96). 

A girth crack is the necking of the wall insulation, occasionally reaching all the way 
to the conductor (see Fig. 8.97). Girth cracking occurs both from thermal cyclic stress- 
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Fig. 8.96 Tape separation shown in a stator bar of a steam-turbine generator. 



Fio. 8.97 Tape separation and girth cracks shown in the area where the stator bars 
leave the slot. This is the region of the stator bar most prone to develop this type of 
problem. Very often, these fissures in the insulation remain hidden underneath the end 
wedges and/or fillers. One wedge was removed in this case, clearly showing the girth 
crack on the stator bar. 
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es in thermoplastic insulation, and in insulation rendered excessively dry and brittle by 
high temperature. After cracks appear, subsequent humidity or other contaminants al¬ 
low tracking to take effect, with the probable consequence of a short circuit. 

Tape separation and girth cracks are commonly found together. They normally ap¬ 
pear in machines with core lengths of about 3 m (10 ft) and up. They appear on the end 
portion of the stator bars, between the core and the first bend, commonly at about one 
to two inches from the core. To a lesser extent, tape separation and girth cracks can be 
found in the cooling vents (Fig. 8.98). 

When substantial tape separation and/or girth cracks are found during an inspection, 
it is recommended that several wedges be removed to allow inspection of the stator bar 
in the slot next to the affected area. Since tape separation and girth cracks can develop 
under severe conditions in the slot area, removal of several wedges of the suspected 
stator bar will help to ascertain if the trouble is localized, or if it affects the slot portion 
of the stator bar. If the answer is affirmative, more often than not repairs have to be ini¬ 
tiated because any degradation of the ground-wall insulation in the slot area has a sig¬ 
nificant probability of resulting in a short circuit to ground. 

Depending on the severity and location of the affected area, the recommended re¬ 
pairs can go from doing nothing to removing a bar. Oftentimes, thin cracks in the insu¬ 
lation are treated with insulating paint. This can help if properly done, with a caveat: 
The paint can be a carrier for contaminants that will accelerate tracking and possible 
consequent electric failure. Reference [12] contains an elaborated discussion of the 
problems described here, with a range of possible actions aimed at repairing them. The 
fissure shown in Figure 8.99 could be superficial or serious. 



Fig. 8.98 This stator bar shows a girth crack in the wall insulation in the area of a 
cooling vent. The stator bar was removed from the core, and the tape above the girth 
was peeled off by the inspector to get a better look at the damaged insulation. 
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Fig. 8.99 A fissure on the insulation of a stator bar near the surge ring. This could be 
a superficial crack of the paint or a more serious deep crack. 


8.3.9 Insulation Galling/Necking beyond the Slot 

Note: For background information on the following discussion, see the two previous 
sections. 

As explained above, necking or galling of the insulation is the result of thermal 
cycling in thermoplastic insulation systems such as asphalt. Necking is a lack of in¬ 
sulation, due to cracking and separation. It can also describe the less severe condition 
of migration of asphalt or other thermoplastic bonding material. Necking is always a 
sign of a weak point in the ground-wall insulation and should be treated in accor¬ 
dance to its severity and location (see reference [12] for more hints on repair proce¬ 
dures). 

Some stator bars are made in the slot portion with a slot wrapper, whereas at the 
end-winding region a tape is used. The interface between the two regions, close to the 
end of the core, is called a scarfjoint. Scarf joints represent a weak mechanical point in 
the structure of the stator bar, tending to separate under thermal-mechanical cyclic 
stresses. The indication of a scarf-joint separation is also a necked insulation, or a soft 
spot. It requires the same type of repairs or attention as previously described for tape 
separations and girth cracks. 


8.3.10 Insulation Bulging into Air Ducts 

Note: For background information on the following discussion, see the previous three 
sections. 
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Bulging {balling, puffing) of the insulation right outside the slot and in the cooling 
vents is an indication of a soft spot, tape separation, girth cracks, or asphalt migration. 

When such a situation is encountered, further inspection of the slot area with the aid 
of a horoscope is recommended. (See reference [12] for more hints on recommended 
repair procedures.) 

8.3.11 Insulation Condition, Overheating, and Eiectricai Aging 

To correctly evaluate the condition of a particular winding using test and inspection 
data, one has to have a minimum of information on the composition of the insulation. 
Different insulation systems react differently to mechanical, electrical, and thermal ag¬ 
ing factors. 

Unlike the thermoplastic insulation system discussed previously, thermosetting in¬ 
sulation systems, when exposed to elevated temperatures, become dry and brittle. Ele¬ 
vated temperatures may arise from overload conditions, poor cooling (due to lack of 
coolant pressure, clogged water pipes, clogged vents, etc.); see Fig. 8.100 and 8.101), a 
damaged core section, negative-sequence currents due to system imbalance, and other 
causes. Dry and brittle stator bars can also result from many years of normal operation. 
For example, machines with old shellac or copal resin binders that have been in opera- 



Fig. 8.100 The stator bar in this photo was damaged to due operation at full load with 
no cooling water for an extended period of time (4 hours). The portion of the bar shown 
is from the stator winding involute or end-winding section of the bar. The ground-wall 
insulation has been stripped to show the extent of the overheating damage. The mate¬ 
rial is asphalt-mica and it is evident that the bar was completely destroyed in this fail¬ 
ure. 
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Fig. 8.101 This is a cross section of the same stator bar in Figure 8.100, prior to strip¬ 
ping the ground wall away. Complete delamination and loss of the asphalt binder is 
observed. The bar has basically been dried out by the overheating. 


tion for almost a century will tend to show this type of condition. It has been the indus¬ 
try’s experience that with insulation systems introduced prior to the 1950s, the main 
mechanism for determining the expected life of the insulation is thermal aging. 

In the case of epoxy or polyester binders, severe overload conditions also show up 
as an external discoloration of the insulation. Dry and brittle windings will sometimes 
show powder accumulation arising from the movement of the shrunken stator bar 
within the slot. Epoxy-mica insulation systems tend to be even more forgiving than 
polyester and asphalt-mica systems and, depending on the degree of overheating, they 
generally are more capable (Figure 8.102). 

Like other degradation processes afflicting the insulation of machine windings, 
once a stator bar becomes too dry and brittle, a positive feedback is established; voids 
are created within the insulation, further reducing the effectiveness of the heat dissipa¬ 
tion from the stator bar. In addition, internal partial discharge is augmented; looseness 
and internal movement of the conductors and external looseness of the stator bar with¬ 
in the slot result in additional mechanisms of degradation taking over, namely, abra¬ 
sion and slot discharge. 

Internal movement of the conductors and the additional partial discharge activity 
tend to cause failure in these stator bars in an intertum mode. Consequently, a ground 
fault develops. In single-bar stator bars, the wall insulation is deteriorated to the extent 
that a ground fault develops. Besides visual inspections, the condition of an excessive- 
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Fig. 8.102 This is a cross section of the same stator bar in Figures 8.100 and 8.101 
above. Flowever, the portion of the stator bar shown is from the slot and is made of 
epoxy-mica. The construction of the bar is such that the epoxy-mica portion of the in¬ 
sulation in the slot is joined to the asphalt-mica portion of the insulation in the end 
winding by an overlapping joint called a scarf joint. What is most notable is that the 
epoxy-mica insulation is virtually unaffected by the loss of coolant event that de¬ 
stroyed the asphalt-mica part of the insulation. The difference in capability is clearly 
shown in this example and provides the basic understanding of why modern insulation 
systems have moved to epoxy resin binders. 


ly dry and brittle winding can be assessed with a number of electrical tests, such as 
partial discharge, insulation power factor, and polarization index. 

There is little or no remedial procedure for windings that by aging, wrongful opera¬ 
tion, or other reasons become too dry and brittle. Nonetheless, knowing the actual con¬ 
dition of the insulation allows for proper planning of a major rewind and/or better as¬ 
sessment of the risks of continued operation. 

8.3.12 Corona Activity 

Corona activity is defined as the ionization of a gas when exposed to an intense electric 
field, normally in the vicinity of an electrical conductor. In this form, the definition of 
corona applies to overhead lines, high-voltage bushings, and other elements producing 
high concentrations of electric field. In the context of rotating machines, however, the 


496 


STATOR INSPECTION 


term corona is used interchangeably with partial discharge and slot discharge. This is a 
high-speed discharge, with a wide range of frequencies (40 kHz to 100 MHz). 

Four distinctive types of corona activity can be found within a rotating machine. 
These are described in the following paragraphs. 

1. Corona Activity on the End Windings. Ionization of the gas in the end-winding re¬ 
gion is present in machines operating with line voltages of several thousand volts. The 
actual inception voltage (i.e., the voltage at which corona is first observed) depends on 
the specific geometric configuration of the windings and surrounding structures. 
Different designs render different concentrations of electric fields for the same voltage, 
thus resulting in varied levels of inception voltages. Corona activity is directly depen¬ 
dent on the actual electric field concentration. Evidently, proper design practices should 
be geared to minimize high concentrations of electric field in high-voltage machines. 
Corona activity can normally be found in machines having voltages of 4 kV or higher. 

In general, the highest potential differences exist between phase stator bars (adja¬ 
cent stator bars belonging to different phases) and line stator bars. It is common, there¬ 
fore, for the telltale signs of this corona activity to be concentrated in those areas. The 
most common signs are white or brownish powder deposits on the stator bars (Figure 
8.103). In more severe instances, dark bum marks can be found, mainly close to the 
areas where the stator bars are at close proximity. Some experience is required to dis¬ 
tinguish the corona-originated powder deposits from those originated from fretting of 
the blocking and ties due to the movement of the stator bars (Figure 8.104). Corona- 
originated powders tend to adhere more tightly to the surfaces and, as mentioned 



Fig. 8.103 Stator bar phase-to-phase discharge in the end winding at a localized 
stress point between two bars of different phases. 
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Fig. 8.104 Stator bar fretting on the surface of the insulation due to mechanical 
movement (vibration). It could be mistaken for partial discharge activity due to the fret¬ 
ting marks and the heat staining from intense rubbing. 


above, tend to be found in areas of high electric field concentration. 

Once the machine is in operation, remedial actions will not eliminate the source of 
corona, as this is design dependent. However, the affected area should be cleaned and 
the insulation repaired if necessary. These steps will reduce the rate of deterioration of 
the insulation due to secondary phenomena, such as chemical attack of the insulation 
by accumulated by-products of the corona activity. 

It is interesting to note that partial discharge tests are able under certain conditions 
to identify if the partial discharge activity is inside the stator bar or if it is between the 
slot and the stator bar. This subject is covered in more detail below. In the case of ac¬ 
tivity between slot and stator bar, tightness of the stator bars and wedges should be 
checked during the visual inspection of the bore. 

2. Internal Partial Discharges. Partial discharge is defined best as an electric dis¬ 
charge occurring between conductors when the breakdown voltage of the surrounding 
gas is exceeded. When such a discharge is not followed by the establishment of an arc, 
it is called partial discharge (PD). 

PD commonly occurs in voids inside the insulation of the machine. It also occurs 
between layers of insulation when these are not properly bonded (Figs. 8.105 and 
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Fig. 8.105 The construction of the ground wall of the stator bar shown is sheet 
wrapped rather than taped. The ground wall has delaminated from the copper strand 
stack a few layers out from the copper surface. The voids created in the insulation due 
to delamination have allowed partial discharge activity to occur, as seen by the yellow- 
brown patches that are the by-products of the discharge. The indications of the activi¬ 
ty in this bar were higher than normal PD measurements in online PD tests, high PD 
readings, and low corona inception values during offline testing and a subsequent of¬ 
fline TVA probe test that showed numerous areas of high discharge activity in the 
slots. (See color insert.) 


8.106), allowing gaps to remain during the manufacture of the stator bar or to be creat¬ 
ed during the operation of the machine. The inception voltage of the discharge depends 
on the size and shape of the voids, as well as on the gas contained within them. Internal 
voids created during the manufacture of the stator bars contain air. Tape separations 
created during the operation of the machine will be filled with the coolant medium: air 
in air-cooled machines and hydrogen in hydrogen-cooled units. Machines operating at 
about 4000 V or higher are susceptible to PD activity. 

PD activity in voids tends to eat away the insulation by electrical erosion (bombard¬ 
ment of the insulation gas by the acceleration of ions), and chemical reaction with the 
by-products of the electric discharges in the gas. Occasionally a void grows into a 
“tree” due to continued ionic action within the void. Once established, the tree keeps 
growing at a fast pace due to PD activity and surface discharges within itself Trees 
will grow until the ground-wall insulation is weakened to the extent that a full ground 
fault is developed. Void augmentation or tree creation due to PD activity may also 
weaken the strand and conductor insulation, giving rise to shorted turns. This phenom¬ 
enon is most common in the overhang area of the stator bars, where the manufacturing 
process does not compress the stator bars to the extent that it does in the slot section. 
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Fig. 8.106 The ground-wall insulation wrap has been completely removed from the 
stator bar of Figure 8.105, and the patch of brownish PD residue is clearly seen on the 
surface of the interstrand insulation of the outer part of the strand stack. What is also 
notable is that there was no delamination of the strands themselves, only the ground- 
wall insulation. (See color insert.) 


As a result, more voids are created in the overhang section than in the slot section. A 
particularly troublesome area is the crossover region of the stator bars. 

Signs of internal PD activity are impossible to detect during a visual inspection of 
the machine. As will be indicated subsequently, a number of electrical tests are avail¬ 
able to assess the extent of PD activity in a particular situation. Nonetheless, visual in¬ 
spection of the winding and knowledge of the insulation system may provide an indi¬ 
cation of the probability of PD activity in the winding. Bloated or puffy windings, 
indicating internal looseness, will most probably be subject to high PD activity as well. 
Dry windings are also susceptible to the existence of layer separation and voids, with 
accompanying PD activity. 

Earlier machines that did not use mica were highly susceptible to failure derived from 
PD activity. However, practically all machines in operation today include inorganic in¬ 
sulation components such as mica and glass. These components are not seriously af¬ 
fected by partial discharges. On the other hand, PD adversely affects the organic mate¬ 
rials that make up the bonding structure of the insulation. Old shellac micafolium 
insulation systems are prone to the formation of voids due to the evaporation of the 
volatiles in the shellac. The next generation of asphaltic insulation systems went a long 
way toward reducing voids in the ground-wall insulation. Nevertheless, asphalt-based 
insulation tends to “swell” or “puff when a certain temperature limit is exceeded. In ad¬ 
dition, weakness of the insulation permits movement between the conductor strands. 
The consequence of this movement and the generated voids is accelerated PD activity in 
those spots. All said, thermoplastic (asphaltic) insulation resulted in a great reduction of 
PD-related faults. Modem epoxy or polyester-based insulation systems offer better 
bonding. This result in less internal PD activity than in preceding systems. 
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Aging due to this type of activity can best be avoided by ensuring that no voids are 
left during the manufacturing process of the stator bars. Vacuum pressure impregna¬ 
tion (VPI) is such a process. Originally applied to smaller machines, in particular, in¬ 
duction motors, VPI windings today can be found in an ever-growing number of syn¬ 
chronous generators. Some European manufacturers use the VPI process in machines 
with up to about 300 MW ratings, and the upward trend is continuing. However, the 
repair of stator bars subjected to the VPI process presents some serious challenges. 

Other than treating localized areas where a “swell” has occurred, no remedial action 
exists for a stator bar or winding afflicted with internal PD activity. The only correc¬ 
tive action, if any, recommended due to the severity of the situation is to schedule a 
winding replacement in accordance with other planned activities for the unit and to 
evaluate the risk of continued operation in the present situation. 

3. Slot Discharges. This form of partial discharge is the result of the breakdown of 
the insulating gas between the stator-bar ground-wall insulation and the iron core inside 
the slot. In alternating current machines, the stator bar conductors and the opposing slot 
face act together like a capacitor that is charged and discharged at line frequency. The 
capacitor “plates” are separated by the ground wall, strand, and turn insulation, as well 
as by the insulation of the cooling medium, normally air or hydrogen. Given that the 
breakdown voltage of air is about 1/100th that of the solid insulation (a somewhat low¬ 
er ratio for hydrogen), the gas tends to break down under the voltage stresses existing in 
high-voltage machines. The subsequent avalanche of ions abrades the insulation and 
also attacks it chemically, as observed previously when discussing internal PD modes of 
failure. Obviously, stator bars close to the high-voltage terminals will be subject to high¬ 
er slot discharges than stator bars close to the electrical neutral of the machine. 

In air-cooled machines, partial discharge is more intensive than in hydrogen-cooled 
machines. Also, electric discharge in air produces ozone, a very corrosive element. 
Ozone attacks the organic materials of the wall insulation, accelerating the aging 
process. The ozone has a characteristic smell. It is not uncommon for air-cooled ma¬ 
chines to give away the presence of intensive slot discharge activity by emitting an 
easily identifiable odor. In these types of machines, it is possible to corroborate the ex¬ 
istence of slot discharges by opening inspection plates that allow a view of the slot area 
of the stator bars through the core vents and watching the light emitted during the dis¬ 
charge. Obviously, all lights in the vicinity of the machine have to be turned off for the 
duration of the inspection. 

As with internal PD activity, slot discharge activity is very difficult to identify 
through a visual inspection of the machine when it is not in operation. Indirect indica¬ 
tors of possible slot discharge activity are loose wedges and stator bars not snugly fit¬ 
ted in the slots. Asphaltic stator bars tend to sit tightly in their slots, thus showing di¬ 
minished slot discharge activity. Old shellac and modem thermosetting insulation tend 
to be more susceptible to slot discharges, unless the stator bars are properly packed and 
wedged in the slots. Ripple fillers (spring-loaded fillers) go a long way toward main¬ 
taining a good stator bar-to-slot pressure. 

The solution to the problem of localized slot discharge comes in the form of semi¬ 
conducting paint or tape, with which high-voltage stator bars are covered in the slot 
area. The function of the semiconducting layer is to discharge all of the surface charge 
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through the contact points between the stator bar and the walls of the slot. However, 
enough points of contact should be established and maintained between the semicon¬ 
ducting paint and the slot to maintain the integrity of the paint or tape. If continuous 
movement of the stator bar within the slot occurs, the fretting and burning of the few 
contact points will deteriorate the semiconductor paint or tape to the extent that they 
cease to protect the ground-wall insulation from the increased slot discharges (see 
Figs. 8.107-8.111). Eventual failure of the insulation follows. To maintain the integri¬ 
ty of the semiconductor layer, the stator bars have to sit snugly inside the slot. 

4. Surface Discharges (Electric Tracking). Surface discharges are intermittent par¬ 
tial breakdowns of the surface insulation due to high electric fields. The effect of these 
surface discharges is damage to the organic surface layer of the wall insulation. These 
discharges, while less damaging than the three types already discussed, do contribute 
to the general degradation of the insulation. 

Surface discharges tend to be concentrated on the overhangs of the windings, in the 
immediate vicinity of the core (see Fig. 8.77). The grading paint, a feature introduced 
in high-voltage machines to eliminate high concentrations of electric fields at the end 
region of the core, also controls the surface discharges generated in this region. 

As stated previously, some mechanisms of PD or corona activity cannot be readily 
identified during visual inspection of the machine. Several tests have been designed to 
evaluate the presence and intensity of PD activity and the resulting damage to the sta¬ 
tor bars. 



Fig. 8.107 Stator bars removed from a salient-pole generator. The stator bars show 
severe loss of their semiconducting paint due to the stator bars not being properly 
supported in the slots. 
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Fig. 8.109 Charring of the semiconducting surface of the stator bar on a resin-rich 
type bar due to excessive discharge activity. 
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Fig. 8.110 The slot discharge activity on this bar has been significant and caused 
surface erosion of the semiconducting coating as well as the outer layer of ground-wall 
insulation. 



Fio. 8.111 This is a resin-rich type bar that has suffered severe slot discharge activity 
and failed on a ground fault. The outer surface is badly burned from the discharge. 
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All tests designed for the detection of corona or partial discharge activity have to be 
performed with the machine energized. Some of those (e.g., those requiring the use of 
a hand-held probe) require the rotor to be removed from the bore. 

Some tests, such as the polarization index (PI), dielectric absorption, power factor 
(PF), power factor tip-up (PF tip-up), and radio-frequency tests (RIV), are general in¬ 
sulation tests that also provide information on PD activity and the damage accumulat¬ 
ed in the windings due to PD. 

Other tests are specifically designed for the detection of partial discharge; for in¬ 
stance, the integrated discharge energy measurement (Westinghouse), the embedded 
stator slot coupler (SSC), partial discharge measurements, electrostatic probe tests, and 
ozone meters. (Reference [10] contains a very good description of the tests. References 
[13-21] contain additional information on corona/PD activity.) 

8.3.13 Stator Wedges 

It is very important to inspect the stator wedges. The wedges are one of the main ele¬ 
ments controlling the tightness of the stator bars in the slots. Maintaining a positive 
pressure on the stator bars reduces their movement within the slots, thus minimizing 
loss of semiconducting coating and wall insulation. Loose wedges may show typical 
visual clues (Fig. 8.112 and 8.113), but can be readily detected by testing. 



Fig. 8.112 Movement of loose wedges in the presence of oil creates the telltale 
greasy deposits shown in this photograph. The grease is a mixture of the fretting de¬ 
bris from the wedge and the oil in the bore. 
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Fig. 8.113 The wedges in this photo are extremely loose and the greasing effect is 
excessive. Finding this degree of greasing during an inspection would be cause for 
great concern that the ground-wall insulation of the stator bars may be damaged and a 
failure mechanism in progress. A check of the wedge tightness must be made and 
electrical testing must be carried out; some wedges might also have to be removed to 
enable inspection of the top bar under the wedges. 


The common way to inspect wedge condition is to tap on one side of the wedge with 
a small hammer and sense the amount of movement with the other hand touching the 
other side of the wedge (see Chapter 11). Given the response, the wedge condition can 
be classified as tight, hollow (medium), or loose. A loose wedge is a wedge that responds 
to the tapping with movement. A hollow wedge is one that does not move but sounds 
like it is not pressing against the stator bar. It takes some experience to differentiate be¬ 
tween hollow and tight wedges; however, this experience can be readily acquired. 

A hollow wedge indicates that a clearance exists in the radial direction between the 
slot and the stator bar. This clearance could be due to poor packing during installation 
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of the stator bars or stator bar shrinkage. Hollow wedges can be found more often in 
thermosetting stator bars than in thermoplastic stator bars, which tend to fill the slot. 

A substantial number of hollow or loose wedges in a row indicate that a stator bar is 
loose and will probably tend to move within the slot during operation. This is an unde¬ 
sirable condition. If enough wedges are found to be loose or hollow during a partial or 
random test, a full wedge survey might be desirable. During a wedge survey, all 
wedges are tapped and the response recorded in a looseness survey form (shown in 
Chapter 11). The wedges are numbered by their location, both by slot number and po¬ 
sition within the slot. If a number of contiguous wedges are not in acceptable condition 
(hollow or loose), then the slot might be rewedged. Each operator or inspector uses dif¬ 
ferent criteria to decide on the threshold number of unsatisfactory wedges beyond 
which a “rewedge” is required. A commonly used number is 25% of the total number 
of wedges. End wedges should always be secured if found loose; application of epox¬ 
ies and RTV is one common technique of securing these wedges. The decision to 
rewedge, perform partial repairs, or continue operation “as is” depends also on the im¬ 
portance of the machine to the system, repair costs, and material availability. 

A wedge survey performed with the hammer method can be very tedious and time- 
consuming. New hand-held “tapping” instruments are available. These instruments al¬ 
low the survey to be conducted in a fraction of the time and with more consistency of 
readings, in particular when different inspection personnel are involved. In many 
cases, people tend to interpret differently the response obtained by the “hammer” 
method. The automatic tapping instrument provides an important measure of consis¬ 
tency between results obtained by various inspectors. 

In newly designed machines or recently rewedged machines, having a “ripple filler” 
under the wedge tends to reduce wedge looseness (Fig. 8.114). In addition, these mod¬ 
em wedges have, on many occasions, been manufactured with small orifices through 
which a probe can be inserted to measure the tightness of the stator bar against the 
wedge. Some organizations have recently introduced to the market a robotic method of 
tapping and/or probing the condition of the wedges in large synchronous machines 
without the need for removing the rotor from the bore. 

One way to identify loose wedges is by the resulting powder deposits along the 
wedge edges (due to the continuous movement of the wedges) or grease-like contami¬ 
nants (see Figs. 8.112 and 8.115) if the powder is mixed with oil. The powder deposits, 
without oil, tend to be yellowish or reddish due to iron oxide resulting from the wedge- 
core fretting action. 

Although it was stated above that a value of 25% of loose and/or hollow wedges 
could be used as a criterion for rewedging a machine, it has to be recognized that the 
distribution of those loose/hollow wedges may call for different actions. For instance, 
a machine may have a relatively small percentage of loose/hollow wedges but have 
them concentrated in one particular area of the stator. This high concentration of unsat¬ 
isfactory wedges may require partially rewedging the stator. 

In another example, 15 to 20% loose/hollow wedges evenly distributed in one slot 
may provide enough support to the stator bar; on the other hand, the same 15 to 20% 
loose/hollow wedges all concentrated in one side of the slot will require rewedging 
that slot. 
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Fig. 8.114 Top ripple springs being installed under the stator winding-slot wedges to 
minimize loosening from vibration effects. 


8.3.14 End-Wedge Migration Out of Siot 

A not-so-common occurrence is when an end wedge (wedges on both ends of the core) 
migrates out of the slot end. This can happen if they become loose during operation of 
the machine, but there are generally mechanisms in place to prevent such migration. It 
is more common in older, smaller machine designs. 



Fig. 8.115 Close-up view of a loose end wedge and “greasing” produced from it 
(seen along the edge of the wedge). 
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This condition can be readily detected by inspection with the naked eye or with the 
aid of mirrors or a horoscope when the rotor is in the bore. A commonly used fix com¬ 
prises the application of a thick resin, epoxy, or RTV type of material. A substantial 
number of end wedges moving out of the slot may indicate an overall loose wedge 
condition, and might warrant a wedge survey (see previous section). 

Newly designed machines and most turbine generators have locking designs that do 
not allow the outward movement of the end wedges. 

8.3.15 Side-Packing Fiiiers 

Side-packing fillers may be either flat or rippled in nature. They are generally impreg¬ 
nated with semiconducting material to allow good contact between the stator bars and 
the core, to provide good contact to ground, and minimize slot discharges. They are in¬ 
serted into the slot on the side of both the top and bottom stator bars (Fig. 8.116). They 
are generally tight but may come loose from bar vibration. 

Therefore, another indication of loose stator bars, in the radial direction, is the 
ratcheting movement out of the slot of the top- and bottom-bar side-packing fillers. 
This phenomenon does not exist in windings processed with global VPI. However, in 
all other types of windings, it is possible to observe the movement of top and bottom 
side-packing fillers out of the slots (see Fig. 8.117). This is more commonly found on 
smaller machines. 

Normally, the fillers are driven back (if possible) or broken at the end of the core. In 
both cases, they are secured with resin, epoxy, or RTV materials. 

As with the movement of end wedges, large numbers of fillers slipping out of the 
core by several inches may indicate a loose winding condition. However, filler move¬ 
ment can also be the result of elongation and contraction of the stator bars due to ther- 



Fig. 8.116 Side-packing ripple spring installed in the slot against the side of a top 
stator bar. 
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Fig. 8.117 Stator-bar side-packing fillers slipping out of the end of the core by ap¬ 
proximately one inch. 


mal cycles, even in tight stator bars. A partial wedge survey might provide the required 
information on the snugness of the stator bars inside the slots. 

In larger machines, and in cases of very significant looseness in the slot wedges, the 
stator bars may “bounce” in the slot and fret against the side-packing fillers. If the 
side-packing material is of the ripple spring type, the portion of the ripple in the filler 
that is in contact with the stator bar ground-wall insulation can wear it away and cause 
a stator winding insulation failure to ground (Fig. 8.118). 

8.3.16 Leaks in Water-Cooled Stator Windings 

Leaks may occur in water-cooled stator windings from many causes. One of the most 
common forms is from ordinary plumbing leaks at joints, where 0-rings may have be¬ 
come old and dried out, or the components have corroded from age or cracked from vi¬ 
bration (see Fig. 8.119). Also, if there is high stator winding vibration in the slot or end 
winding, a hollow water-carrying strand may crack. 

The possibilities are extensive for this problem, but one of the more recent in the in¬ 
dustry is crevice corrosion leaks at braze joints of bar-end water boxes. A water box, 
brazed on each end of a stator bar, serves as a cooling-water intake or discharge into 
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Fig. 8.118 Failed stator bar ground-wall insulation from side-packing ripple-spring 
fretting against the side of the stator bar. 



Fig. 8.119 Plumbing leaks are often found under the end-head insulation in joints. 







8.3 STATOR WINDINGS 


511 


and from the hollow conductors. A Teflon hose connects the top of the water box with 
the water manifold. The base of the water box is formed from a clip that fits over the 
copper strands. All strands are brazed together, and to the copper clip. The brazed por¬ 
tion of the bundle is several centimeters long to seal the water box. 

For those machines susceptible to leakage in the brazed joint, the problem appears 
to exist only in machines that use oxygenated water. The root cause of the problem is 
crevice corrosion that initiates in the pores of the braze when CU 3 P braze material is 
used. The brazing material dissolves locally to produce acid phosphate solution. Once 
this acid pore environment develops, adjacent copper strands may corrode and result in 
leakage of water into the stator insulation. Repairs for this problem focus on removing 
the crevice initiation sites, or not exposing them to water. Several individual bar-repair 
methods are available. They include in-situ replacement of the water boxes, epoxy in¬ 
jection, or laser repair. Partial and full rewinds are also options. Repairs should be per¬ 
formed using qualified inspection processes and operators. 

Large leaks in stator windings can be found by visual inspection. However, most 
leaks start small. Four offline test are recommended: vacuum, pressure, and helium 
leak tests, and capacitance mapping (refer to Chapter 11 for explanations of these tech¬ 
niques). Figure 8.120 shows such a test in progress. 

Since hydrogen pressure is higher than the water pressure in the stator winding, a 
leak will allow the hydrogen to enter the cooling water and escape through the vent to 



Fig. 8.120 Vent bagging is a method used to detect leaks during a pressure test. 
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the atmosphere. Measurement and trending of the escaping hydrogen to the atmos¬ 
phere is used to detect any developing leak. 

8.3.17 Magnetic Termites 

Particles that cause wormholes are commonly known as “magnetic termites.” These 
termites can originate from many possible sources, including metallic debris left in the 
generator after and overhaul and, possibly, from the molten metal by-products of back- 
of-core burning. 

The concern is that these particles will bore a hole into a critical generator compo¬ 
nent and cause an expensive failure. The component of main concern, and the one 
most susceptible, is the stator winding. The stator-winding ground-wall insulation is 
relatively soft compared to other materials inside the generator, and the copper con¬ 
ductors underneath are at high voltage potential and may carry cooling water (in water- 
cooled stator windings). Therefore, if a magnetic particle penetrates the ground-wall 
system, there is a possibility of electrical tracking to an adjacent stator bar or ground, 
depending on the location of the wormhole and/or hydrogen leakage into the stator 
cooling water system, and water creepage into the insulation of the affected bar. 

The mechanism by which the magnetic particles bore a hole in the stator winding is 
a combination of magnetic attraction and 60 (or 50) Hz vibration due to eddy currents 
induced in the magnetic particle, which result in a rotational force on the particle, caus¬ 
ing it to rotate in the magnetic field. Because the termite is magnetic, the electromag¬ 
netic field in the stator winding pulls the particle toward the center of the magnetic 
field, namely, the center of the stator bar. The natural 60 (or 50) Hz frequency causes 
the particle to vibrate at this frequency and, obviously, enhances the boring action of 
the magnetic particle (Figs. 8.121 and 8.122). 

As the hole is bored down to the copper subconductors, the potential for a stator 
winding failure increases proportionally. However, for electrical tracking to occur, 
there are a number of other factors involved. If the surface of the exposed copper con¬ 
ductor and the ground-wall insulation are very clean, there may not be enough con¬ 
ducting material on the surface to allow electrical tracking. Hence, the wormhole could 
remain exposed for an indefinite period without ever failing. This has been seen on nu¬ 
merous occasions on various machines. 

The more likely failure mode seen with various wormholes is that of hydrogen leak¬ 
age into one of the water-carrying, hollow subconductors. One other possibility is that 
the magnetic termites plug the cooling water flow in the affected subconductor by 
crushing and wearing it closed. This has also been seen in past occurrences (Figure 
8.123). 

With regard to termites from back-of-core burning, there is undisputed evidence 
from a number of machines that back-of-core burning does create small metallic glob¬ 
ules that come loose from the back of the core and migrate throughout the generator. 
The degree of burning determines if molten globules are formed, and to what extent 
and when they are produced. 

The free globules from the back-of-core burning have been know to migrate 
through the core radial vents into and under the stator wedges, then into the airgap, the 
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Fig. 8.121 Stator end-winding “worm” or “bore” hole from magnetic termite debris. 



Fig. 8.122 A small piece of magnetic debris has lodged between stator-bar end¬ 
winding packings and become a magnetic termite, and has started to bore a hole into 
the end-winding insulation of the bar shown. 
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Fig. 8.123 This series of photos shows the progression of the magnetic termite into 
the stator bar insulation of the bar shown in Figure 8.122 and how it actually crushed 
the hollow conductor closed, stopping cooling water flow. In this stator bar, all strands 
are of hollow construction and no leak of hydrogen into stator cooling water occurred, 
and no electrical failure either. The termite was found on an overhaul and the bar re¬ 
moved and replaced. The interesting thing to note in this incident was that the termite 
was enhanced in size by picking up copper material as it drilled further into the stator 
bar. Upon investigation afterward, it was found that the copper material appeared to 
be slightly magnetized from the effect. 
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stator end winding, and the rotor. The occurrence of a failure due to one of these parti¬ 
cles then depends on where the particle ends up in the machine, and the mechanical, 
electrical, and magnetic influencing factors around it (Fig. 8.124). 

8.3.18 Flow Restriction in Water-Cooled Stator Windings 

Flow restrictions in water-cooled windings may occur from debris in the stator cool¬ 
ing-water circuit, hydrogen gas locking from large leaks, crushed hollow strands, or 
some form of corrosion (Fig. 8.125). 

One of the main sources of the corrosion mechanism occurs with any water- 
cooled generator that is designed to operate with pure water that is either saturated 
(>2000 ppb dissolved oxygen) or low in oxygen (<50 ppb). The water must be non- 
conductive (<10 microsiemens/cm) to avoid flashover along the insulating Teflon 
hoses. An elevated pH renders this effect negligible. However, most generators use 
neutral pH water. On-line conductivity measurement, thermocouples installed at the 
water manifold, and pressure drops across the winding, filters, and strainers are used 
to monitor the system. 

The problem of copper corrosion occurs when the stator cooling water is operating 
off the design point, leaving stagnating water in the winding, or not properly drying or 
protecting the winding during an outage. This can lead to local buildup of corrosion 
by-products (cupric and cuprous oxides) that restrict the water flow. The generator 
output may be curtailed as a result of decreased cooling. The root cause of the problem 



Fig. 8.124 Polished magnetic termite debris removed from a “worm” or “bore” hole. 
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Fig. 8.125 Copper corrosion in the strands of a stator bar due to poor water chem¬ 
istry. 


is operation in the intermediate range between 50 and 2000 ppb of dissolved oxygen 
levels. 

When flow restrictions of any kind occur, temperature (measured by thermocouples 
and slot RTDs) will increase in the stator winding as the flow restriction in individual 
strands impacts localized cooling and heat transfer. Totally blocked bars may be diffi¬ 
cult to discern from the online temperature data, since the temperature sensor has a 
tendency to then measure the cooling gas temperature local to it. A water pressure drop 
across the restricted winding or clogging filters and strainers will also indicate an on¬ 
going problem. 

Visual (horoscope) inspection of the waterboxes can reveal partially blocked strands. 
Ultrasonic flowmeters may also be used to measure flow through individual bars. 

Offline cleaning can be done using diluted acid-water backflushing for partially 
blocked strands. Online cleaning is possible by a patented cleaning process known as 
Cuproplex, which removes only the oxides while the unit is running. For either offline 
or online cleaning, the protective oxide layer needs to be restored after any cleaning. 

Online monitoring of dissolved oxygen is also recommended to detect conditions 
that may lead to flow restrictions. Existing conductivity measurement is not uniquely 
sensitive to dissolved oxygen variations. 

The following explains why it is critical that the chemical copper oxides reduction 
process be carried out in a timely basis. Assuming laminar flow, the volume flow rate 
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is a function of the radius to the fourth power (see Figure 8.126). Therefore, a 10% re¬ 
duction in radius will cause a 34% reduction in flow. A 20% reduction in diameter will 
produce a 60% reduction in flow. A 30% reduction in radius will yield a 76% reduc¬ 
tion in flow. In addition, as the radius is reduced, turbulence is introduced. Turbulence 
may further accelerate the copper oxide deposits in restricted areas. Eventually, a num¬ 
ber of individual hollow strands become fully blocked. The chemical cleaning process 
does not unblock a fully blocked strand, so the degradation is permanent. To prevent 
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Fig. 8.126 The equation in the figure clearly shows how flow rate through a pipe is a 
function of the inside radius to the fourth power. This obviously applies to some spe¬ 
cific flow conditions and is just an approximation for other cases. Nevertheless, it pro¬ 
vides a good view into the very large flow dependency on the radius of the fluid con¬ 
ductor. The relevance of the aforementioned in the case of water-cooled windings is 
how sensitive the flow is to copper oxide buildup, and how quickly it can go from a 
good condition to almost no flow. There is a positive feedback in play here: the more 
copper oxide obstruction there is, the less the flow, and the less the flow, the quicker 
the copper oxide accumulates. 
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permanent degradation of the cooling capacity of the winding, it is thus imperative to 
perform the chemical flushing process on a timely basis. 


8.3.19 Hoses, Gaskets, and 0-Rings in Water-Cooied 
Stator Windings 

Aside from the stator winding as a major component, there are also numerous small 
subcomponents of the winding that are often overlooked during maintenance and yet 
can just as easily create a generator forced outage if they fail. Some of these types of 
subcomponents are the stator-winding Teflon hoses and fittings, gaskets, and 0-rings. 
The Teflon hoses are flexible and not as resistant to puncture or wear as metal compo¬ 
nents and can fail more easily due to mechanical causes (Figure 8.127). 

Another issue that can occur with the hoses is that over time they may begin to 
show signs that they are becoming permeable and that hydrogen gas is slowly penetrat¬ 
ing the material. This is more difficult to discern and requires special testing to deter¬ 
mine if it is happening. Replacement is required if this occurs. 

Yet another undesirable problem that can happen is trapped contamination on the 
inner surface of the hoses from such things as copper oxides and any other material 
that may intrude (Fig. 8.128). Cleaning of the hoses is often possible and is done by 



Fig. 8.127 Two hoses were found to be rubbing each other, and due to vibration they 
incurred fretting damage and are becoming close to wearing through the walls of the 
hoses. The result would be a high hydrogen leak into the stator cooling water, and if 
the leak is bad enough, hydrogen gas locking could occur as well. 
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Fig. 8.128 Contaminated hose internals at the fitting attached to the bar nozzle or 
waterbox. The contamination was introduce after a failure of the stator cooling water 
cooler tubes that allowed raw service water to leak into the demineralized stator cool¬ 
ing water. A flashover to ground did eventually occur but without any appreciable 
damage. The hoses were all cleaned, the cooler leak repaired, and the machine put 
back in service. (See color insert.) 


some on a regular basis during major overhauls, as a matter of course. The concern 
with contamination on the inner surface is the possibility of it allowing electrical track¬ 
ing and eventual flashover to ground from the high-voltage part of the stator bar. 
Teflon is used for the hoses to provide an insulation creepage distance for the high- 
voltage bars to ground and still allow connection to the stator water-cooling circuit for 
delivery of demineralized water to the bars. 

There are also large headers that feed the stator cooling water to the stator winding; 
these generally contain gaskets and 0-rings at the various flanges and fittings to seal 
them from hydrogen leaking into the stator cooling water. All of these are organic in 
nature and are commonly called “consumables” because they have a definite life and 
require replacement from time to time. Some of the contributing factors are simple 
wear, tearing, drying and embrittlement, disintegration, and deformation (Figs. 
8.129-8.131). Depending on the type of material used, a schedule of inspection and re¬ 
placement is advisable to avoid forced outages from any of the problems that can arise 
if these subcomponents experience one or more of the aforementioned failure mecha¬ 
nisms. The result may cause such problems as leakage of hydrogen into stator cooling 
water or bits of the material coming apart and blocking cooling water flow in the stator 
bars. 
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Fig. 8.129 Gasket deterioration from overexposure to heat and operation beyond the 
expected life of the material. 


8.4 PHASE CONNECTORS AND TERMINALS 
8.4.1 Circumferential Bus Insulation 

The term circumferential bus is used to describe the circular-shaped phase-connection 
buses found in large turbo-generators, usually at the collector end of the generator. 
These are required to make the parallel-path connections in the stator winding, as well 
as the connection to the stator terminals that transfer the power out of the generator 
(see Fig. 8.132). They are supported by structures made generally of nonconducting 



Fig. 8.130 0-rings may be found damaged and tom, such as the one shown, and can 
easily be the source of a leak if found in the condition shown in the photo. 




8.4 PHASE CONNECTORS AND TERMINALS 


Fig. 8.131 The 0-ring shown has a significantly distorted shape from the roundness it 
is supposed to have. This type of deformation is termed a permanent set. This general¬ 
ly Is due to a combination of time, temperature, and pressure, and is also a form of 
creep failure for rubber-type materials. 


Fig. 8.132 Circumferential buses in a large four-pole steam-turbine generator. 
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materials, bolted to the core-end compression plates and the stator frame of the ma¬ 
chine. They are generally cooled by the cooling gas in the machine or, in some cases, 
water cooled as part of the stator cooling water circuit. 

Circumferential buses are normally separated from the rest of the winding by a rel¬ 
atively large electric clearance. They are insulated so that there is no conducting path 
to ground. The most common mode of failure in circumferential busses is a breakdown 
of the insulation adjacent to the metallic supporting studs, or cracks in the insulation 
from vibration. The continuous vibration of the heavy copper busses tends to also 
abrade the insulation in this area 

Continuous movement, together with contamination (the busses are located in close 
proximity to the rotor fan and are subject to the rapid flow of air or gas containing oc¬ 
casional small amounts of seal oil, dust, and other contaminants), tends to produce 
tracking over the blocking separating the busses, and may eventually result in phase- 
to-phase failures. Occasionally, low megger readings between the phase under test and 
the other (grounded) phases can be attributed to the contaminated insulation between 
circumferential busses. 

In cases of excessive vibration, the circumferential conductors may fret within their 
support structures and abrade the insulation significantly. When oil is present, the 
greasing effect may also occur on this component (Fig. 8.133). 

In some machines, the circumferential bus insulation is painted with a resistive 
coating to dissipate electric charge. However, if a crack in the paint coating or insu- 



Fig. 8.133 Greasing at the support member due to movement between the bus and 
the support structure. 
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lation occurs, this can cause the electric charges to concentrate at the sharp comers 
of the crack, which essentially creates an electric stress point followed by corona dis¬ 
charge. The result of this discharge is a whitish powder forming at the crack location 
(Fig. 8.134). Discharges of this type, so far removed from the ground plane, are not 
generally harmful, but they should be inspected and cleaned up in case additional 
contamination becomes present at some point, which would allow the charges to 
track to ground. 

It is more serious when cracks occur in the phase connectors or support ties. In this 
case, a “redeye” epoxy is sometimes applied to fill the gaps and help reestablish the in¬ 
sulation (see Fig. 8.135). This is done to minimize the possibility of additional crack¬ 
ing and contamination in the cracks, avoiding electrical tracking failures. This type of 
repair is generally applied to phase connectors and end windings that have an insulat¬ 
ing outer coating only, rather than to the resistive type mentioned earlier. 

8.4.2 Phase Droppers 

Phase droppers (phase leads) are simply the bus connection to the stator terminals from 
the circumferential bus, as shown in Figure 8.136. They are also insulated and cooled 
in the same manner as both the circumferential bus and the terminals. They can be gas 
or water cooled. 

The same problems that exist with the circumferential bus are tme for the phase 
dropper (refer to the previous section). Vibration is sometimes a major concern with 



Fig. 8.134 Corona discharge on phase connectors. 
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Fig. 8.135 Redeye epoxy treatment on phase connector. 


Fig. 8.136 Phase droppers from the circumferential ring buses to the terminals. 
Clearly seen are the connections between the circumferential buses and the generator 
terminals. 





8.4 PHASE CONNECTORS AND TERMINALS 


525 


the droppers, though more so than with the circumferential bus. When excessive vi¬ 
brations are encountered, as evidenced by greasing or cracked insulation, additional 
blocking is sometimes added to dampen the vibrations (see Fig. 8.137). Also, redeye 
epoxy treatments may be applied, as with the circumferential bus or the end wind¬ 
ings. 

8.4.3 High-Voltage Bushings 

There are too many different arrangements of terminal boxes and bushing types in 
large synchronous machines to describe them all in this book. However, the following 
general inspection guidelines and comments apply to any arrangement. 

Lead bushings are susceptible to damage arising from sudden load changes, exces¬ 
sive vibration, overheating of the leads, and normal vibration over long periods of 
time. Stator high-voltage bushings should be inspected for evidence of cracks, oil leak¬ 
age (when oil-filled), and looseness of components. All dirt and tracking residues 
should be thoroughly cleaned. 

In large turbo-generators, the high-voltage bushings are partly contained in sealed 
bushing wells. Some of the lead bushings have ducts allowing the flow of hydrogen 
(Fig. 8.138). The ducts should be free of oil, grease, or any foreign elements. Many 
others are water cooled. In these, connections to the bushings should be inspected for 
cracks and leaks. 



Fig. 8.137 Additional blocking between droppers applied to dampen vibrations. 
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Fig. 8.138 Typical hydrogen-cooled high-voltage bushing inside the bush well of a 
large 925 MW, four-pole generator. 


8.4.4 Standoff Insulators 

As with high-voltage bushings, standoff insulators are subjected to continuous forces 
due to vibration, as well as thermal expansion and contraction of the leads (Fig. 8.139). 

Standoff insulators should be inspected for cracks and looseness of their constituent 
components. External surfaces should be kept clean to avoid extensive tracking, which 
may result in eventual short circuits to ground. 

Old insulators may utilize lead in their construction. In many cases, continuous vi¬ 
bration over a long period of time will deteriorate the insulator, to the extent that the 
lead-based material will ooze out of the insulator in the region of the porcelain seal. 
This appears as a gray powder or paste. 

Standoff insulators are found inside the case and bushing well of large turbo-gener¬ 
ators, as well as supporting the lead and neutral buses of all other types of machines. In 
some instances, the buses may extend to significant distances (sometimes below) from 
the main machine body. They should be inspected for cleanliness and overall condi¬ 
tion. 

It has been widely documented that there is a relationship between failures in the 
connecting leads of large turbo-generators and the condition of the standoff insulators. 
In many cases in large two- and four-pole machines in which failures of the connection 
leads occurred, the standoff insulators showed moderate to heavy signs of greasing. 
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Fig. 8.139 Standoff insulators damaged due to surfaoe contamination. 


The greasing is the result of the dust produced by excessive fretting of the seal between 
the porcelain and the mounting flange and its mixture with oil or oil vapors present in 
the bushing well. 

The normal mode of lead failure is fatigue cracking of the flexible connections due 
to poor support of a weakened standoff insulator. Partial cracking of the flexible con¬ 
nections results in increased temperature of the conductor. Eventually, the connectors 
melt, resulting in serious failures. 

Additional serious damage can result from the change in the cooling path of the hy¬ 
drogen due to a shift in the position of the porcelain of the insulator in relation to its 
supporting flange. 


8.4.5 Bushing Vents 

As explained earlier, bushings sometimes have passages built inside them to allow the 
flow of air or hydrogen for cooling purposes. It is important that the vents be inspected 
to see if they are unclogged. In sealed bushing wells, high-voltage bushings may be 
flooded by seal oil, and their passages clogged or semiclogged. If clogged, they can be 
siphoned clean with a venturi pipe or vacuum. Figure 8.140 shows a cross section of a 
typical bushing well. Figure 8.141 shows the actual bushing and bushing vent inside a 
bushing well of a hydrogen-cooled generator. 
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To stator winding 



Fig. 8.140 Cross section of a typical bushing well showing standoff insulators and 
their gas passages. 


When possible, a nipple (or nipples) can be placed at the bottom of the bushing 
well, protruding about 1/2 inch inside the bushing well. The nipple’s protrusion allows 
the retention within the well of the required viscous-oil seal normally placed in the 
bushing wells of hydrogen-cooled machines. However, it will allow the flow into a de¬ 
tection and purging pipe of unwanted water and seal oil from the shaft seals that may 
leak into the machine and overflow the protruding length of the nipple. 

8.4.6 Bushing-Well Insulators and Hydrogen Sealant Condition 

In large synchronous machines, the connection of the windings to the armature leads is 
carried out inside a large terminal box (bushing well) underneath the machine. Often, 
foreign material such as oil, loose bolts, washers, and fragments of insulation become 
lodged in this compartment. Hence, it is important that the terminal box be opened and 
inspected, at least during major inspections. In addition, the condition of the bushings 
and standoff insulators should be inspected (see previous two sections). The resin tape 
on the terminations should also be inspected for integrity. 

These bushing wells normally have small amounts of viscous sealant oil at the bot¬ 
tom of the well. The purpose of this sealant is to eliminate the leak of gas through the 
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Fig. 8.141 Standoff insulator and high-voltage bushing showing the vent arrange¬ 
ment. 


mounting flanges of the high-voltage bushings. The condition of the sealant should be 
evaluated during an inspection inside the bushing well. Dry or contaminated sealant oil 
should be removed, and new material should be brought in (Fig. 8.142). 

The high-voltage bushing seal should be carefully inspected at every outage and 
also from the outside as a routine. There are generally gaskets for the bushing flange 
and these will age with time, temperature, and vibration effects (Fig. 8.143). When 
they leak, the thick liquid sealant tends to be forced out through the smallest of spaces 
at the leak point by the higher hydrogen pressure inside the machine (Fig. 8.144). If the 
sealant is lost altogether, then the hydrogen may leak as well. There is significant dan¬ 
ger because of the nature of hydrogen, and the fact that it has a tendency to self-ignite 
when leaking through a small crevice under high pressure. The flame is invisible and 
the by-product is water as the hydrogen combines with the oxygen in air. If the hydro¬ 
gen has the possibility of collecting in a “dead area” where there is no air circulation, 
then a further danger of an explosion is created if the mixture of air and hydrogen 
reaches the explosive range. 

8.4.7 Generator Current Transformers (CTs) 

As part of any major inspection of a large synchronous machine, the condition of the 
main current transformers (CTs) should be evaluated. In large generators, the CTs are 
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Fig. 8.142 Sealant for HV bushing in a circular reservoir at the casing exit in the bush¬ 
ing well. (See color insert.) 


usually located underneath the machine, just below the terminal box or bushing well. 
The CTs, which normally come as two or three per phase, are placed around the phase 
and neutral isophases where these leave the bushing well (Fig. 8.145). In smaller, typi¬ 
cally air-cooled, machines, the CTs may be located inside the terminal box. In medium 
sized hydrogen-cooled machines, there may not be a bushing well or it may be very 
small, with the major portion of the terminals nonenclosed, outside the machine, and 
the CTs in the open as well (Fig. 8.146). 



Fig. 8.143 Gasketed flange at the high-voltage bushing penetration. 
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Fig. 8.144 Sealant leak from inside the generator through a leak point at the high- 
voltage bushing penetration. 



Fig. 8.145 Generator current transformers for metering and protection, installed 
around the external portion of the generator terminals and supported on trays. 
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Fig. 8.146 Generator current transformers for metering and protection, installed 
around the external portion of the generator terminals. This machine is a 200 MW hy¬ 
drogen-cooled generator with a small bubble-type bushing well. 


The CTs are normally mounted on insulated bolts. Grounded metal piping contain¬ 
ing the connection leads carries out connection to the CTs. Large machine CTs are 
commonly manufactured with their windings and core encased in resin-type material. 
On top of this, an aluminum envelope is typically added. 

Internal faults of the current transformer winding that result in substantial heat be¬ 
ing generated tend to show up as cracks in the exterior of the aluminum shell, and/or as 
flow of the encasing resin out of the shell. Signs of overheating, such as leaking resin 
or discoloration, provide a strong reason for further investigation. The surfaces of the 
CTs should be cleaned to minimize any possibility of flashover. 

Like any other current-carrying element of the power plant, CTs can be scanned 
with an infrared camera while the machine is in operation to check for abnormal tem¬ 
peratures. 


8.5 HYDROGEN COOLERS 

Heat exchangers are an integral component of the machine. Typically, large turbo-gen¬ 
erators have their hydrogen-water or air-water heat exchangers located inside the ma¬ 
chine’s casing. In air-cooled machines, the air-to-water heat exchangers may be locat¬ 
ed in a separate container, often below the machine. In all cases, the maximum 
allowable rating is directly dependent on satisfactory condition of the heat exchangers. 
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Hydrogen coolers inside large turbo-generators may be found in many different 
arrangements, such as dome coolers and vertical and horizontally installed coolers. 
Figures 8.147 and 8.148 show examples of the vertical and horizontal types. The two 
major concerns with heat exchangers are clogged water tubes and water leaks. 

Through continuous flow, water tends to clog the ducts by causing corrosion and 
depositing minerals. Once initiated, the clogging process advances at an increasing 
pace. Not only is the flow of cooling water reduced, but also the heat transfer coeffi¬ 
cients are detrimentally affected due to the mineral buildup inside the pipes, resulting 
in poor heat-transfer properties. It is, therefore, important to visually inspect the tubes 
and take the recommend corrective action (e.g., descaling) when required. 

Heat exchangers, in particular those positioned inside the machine casing, are con¬ 
tinuously subjected to vibration. Therefore, it is not uncommon to find leaks develop¬ 
ing during the operation of the machine. There are several methods available for the 
detection of those leaks. Hydrogen sensors are commonly used in hydrogen-cooled 
machines. The higher pressure of the hydrogen creates a flow of the gas into the cool¬ 
ers, keeping the water from entering the machine. Even in hydrogen-cooled machines, 
as in other types of machines, water heat exchanger leaks will probably result in water 
contamination of the windings. A visual inspection can detect a leak by looking at sus¬ 
picious accumulations of water inside the casing. Pressure tests are also routinely per¬ 
formed, and are recommended for coolers installed inside the machine that have not 
been inspected for several years. A leak can also be checked by opening the drain tap 
normally located at the belly of the machine and looking for water. Tubes can also leak 



Fig. 8.147 Vertical-type hydrogen coolers. 
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Fig. 8.148 Horizontal-type hydrogen coolers. 


from thinning of their walls by erosion and corrosion. Eddy-current tests can detect ex¬ 
cessive thinning of the cooler tube walls. 
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Turbo-generator rotors are remarkable in that, in spite of being subject to very large 
stresses, they perform so reliably for many years. The fastest turbo-generator rotors for 
power generation rotate at 3600 revolutions per minute. At that speed, components ex¬ 
perience centrifugal forces of several orders of magnitude larger than gravity. Add to 
that friction due to the expansion and contraction of different materials in response to 
changes in temperature, lateral and torsional vibration, load shocks, and current and 
voltage transients, and one must marvel at the fact these complex systems can operate 
sometimes for many years (between outages or refueling cycles in a nuclear plant) be¬ 
fore cursory electrical testing is performed, or run up to ten years before a detailed vis¬ 
ual inspection is performed. Many properly maintained rotors have been known to run 
for decades before a major refurbishment was required. 

Nevertheless, the criticality of these components requires them to be monitored and 
well maintained. Due to the great stresses under which rotors operate, any unchecked 
failure has the potential to develop into a catastrophic loss of the entire generator. Even 
less severe incidents can render the entire unit unavailable for many weeks, with sub¬ 
stantial loss of production. Industry’s experience with rotors of many manufacturers, 
sizes, and applications have resulted in shared knowledge about typical weaknesses 
and specific problems with this or that design. One visible trend is that deregulation 
has intensified the use of two-shifting and load following, and this has resulted in a cor¬ 
responding increase in certain modes of failures, largely due to thermal cycling effects. 
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There are a number of statistics published by organizations such as EPRI and 
INPO about the expected life of certain subcomponents (slot liners, collector rings, 
forgings, etc.), as well as failure statistics of rotors in general. One normally accept¬ 
ed criterion is that rotors in general have an expected useful life of 25 to 30 years, 
driven by winding insulation degradation, and that once rewound and refurbished 
they can last an additional 25 to 30 years, at which time the forging may also become 
a limiting component. Although statistically speaking those numbers may reflect the 
average of thousands of units, any particular unit may have quite different statistics. 
Being guided exclusively by industry-wide statistics when deciding on maintenance 
and life-cycle management of a specific unit in a specific site will certainly result in 
large errors of judgment. Only intimate knowledge of one’s own rotor (and overall 
generator) can lead to the correct maintenance and refurbishment plan, and to intelli¬ 
gent life-cycle management decisions. The goal of this chapter is to serve as a guide 
to learning the specific problems and failure mechanisms, and their identification, 
that will make it possible to correctly assess intrinsic risks for a given design, and to 
notice explicit signs of deterioration, damage, and/or impending failure. Although no 
OEM is specifically identified while discussing a particular issue, the reader may rec¬ 
ognize each item discussed as pertinent or not to the specific machine under his/her 
supervision. 

This chapter contains a detailed description and discussion of each item mentioned 
on the Rotor Inspection Form found in Chapter 7, not necessarily in the same order as 
found on the form. 


9.1 ROTOR CLEANLINESS 

Cleanliness, or a measure of cleanliness, is important not only to the proper operation 
of the machine but also to provide the inspector or maintenance crew with clues on the 
overall condition of the machine. 

For instance, a turbo-generator rotor exhibiting numerous deposits of copper parti¬ 
cles (copper dust) may indicate excessive movement of the dc field coils when on the 
turning gear. 

Turning gear is the term given to the motor and associated gearbox used to turn the 
rotor at low speed, when the machine is not in operation. Turning the rotor at low 
speed keeps it from becoming bowed due to its own weight. In particular, it is impor¬ 
tant to turn the rotor immediately after bringing the machine offline, when the rotor is 
still hot; an excessive thermal bow can result if the machine is allowed to rest immedi¬ 
ately after operation. 

Excessive copper dust migrating out of or simply being present in the winding slot 
radial vents should alert the inspector to the possibility of the existence or the develop¬ 
ment of shorted turns and/or ground faults. This can easily be seen when looking into 
the vent holes in the winding slot wedges. Under those circumstances, the inspector 
may decide that it would be prudent to carry out one of the available shorted-tum tests. 
In addition, if copper dusting is found in the rotor end winding, the machine’s owner 
may decide to change the blocking, insulation, and so on. Ground faults that may be 
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due to copper dust can easily be detected with a megger (generic name for an instru¬ 
ment that measures insulation resistance). 

Copper dust, iron dust, or any other telltale material may be concealed in a mixture 
of oil and dirt. In some instances, chemical analysis of a sample is required for assess¬ 
ing the true amount of copper and/or iron dust present. A cotton swab can be used to 
obtain a sample from the contaminated area, mostly under the retaining rings. 

Copper dusting is very specific to those field windings employing turns with two 
conductors back to back, without insulation between them. Each conductor, which rep¬ 
resents half of the turn, is a copper bar that is sometimes flat, or C-shaped, or, more 
likely E-shaped. When pressed together, this arrangement (with C-shaped and E- 
shaped conductors) allows the flow of hydrogen cooling gas along the conductor. This 
cooling method is common for medium- and large-size generators. When at speed, the 
complete winding is tightly retained in the radial direction, not allowing any signifi¬ 
cant movement. However, during periods of turning-gear operation, this clearance, and 
the low turning speed of the rotor, results in a constant pounding of the copper halves. 
In the long run, copper dust is generated in the winding. This copper dust tends to mi¬ 
grate because of mechanical forces and the flow of the gas. Eventually, the dust can be 
a source of abrasion of the wall insulation, creating grounds and shorts between turns. 
Thus, when inspecting the rotor of such a generator, in particular one subjected to long 
periods of turning-gear operation, one must be attentive to the presence of copper dust¬ 
ing, which may indicate a winding becoming prone to the development of shorted 
turns and grounds. Figure 9.1 shows two typical examples of the double conductor 
arrangement. Figure 9.2 shows the copper dust that can migrate from the winding slots 
in such arrangements as shown in Figure 9.1. 

Dirt can mask cracks on the surfaces of critical components such as wedges, fan hubs 
and blades, retaining rings, and the forging itself Therefore, critical areas should be 
cleaned to the full extent of their accessibility. However, it is important that the inspec¬ 
tion be carried out both before and after cleaning. Before-cleaning inspections reveal a 
wealth of information on the rotor or machine condition and operation history, whereas 
inspection after cleaning allows evaluation of the condition of rotor components. 

Besides masking important areas from the inspector, heavy dirt deposits can ad¬ 
versely affect the flow of the cooling gas or air, in effect derating the machine. 


9.2 RETAINING RINGS 

The retaining rings are the most critical component of the rotor and, normally, the most 
stressed rotor component. Retaining rings are critical in the sense that their mechanical 
failure always has catastrophic consequences for the physical integrity of the machine. 
Therefore, retaining rings deserve the utmost attention from the inspection team and 
plant personnel engaged in the inspection and maintenance of the unit. 

Manufacturers of large synchronous machines usually issue periodic informative 
technical bulletins. In each bulletin, the attention of the users of a particular type of 
machine is directed toward problems experienced by other users of machines with sim¬ 
ilar components and design. Recommended remedial actions necessary to avoid or 



540 


ROTOR INSPECTION 



Fig. 9.2 Rotor with winding slot wedges removed and first copper turn lifted. The 
copper particle dusting can be clearly seen in this photo. 
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minimize risks of similar problems are presented, oftentimes including a visual or ro¬ 
botic inspection of a specific component(s) in the machine. In the case of retaining 
rings, a substantial amount of information has been disseminated by the original equip¬ 
ment manufacturers (OEMs), clients, and organizations such as the Electric Power Re¬ 
search Institute (EPRI). In general, the manufacturers’ recommendations for the pro¬ 
tection of the rings should be followed. 

Periodic visual inspection and nondestructive testing (NDT), using eddy-current, 
ultrasonic, and dye-penetrating techniques, of the retaining rings is highly recommend¬ 
ed. The actual length of time between inspections depends on the mode of operation of 
the machine, which includes total operation-hours and, in particular, whether it is in 
continuous operation or subject to many start-stop cycles. The successive thermal cy¬ 
cles accompanying a machine subjected to many start-stop operations tend to cause 
accelerated metal fatigue of the retaining rings. 

A major cause for advancing the inspection schedule of the retaining rings is mois¬ 
ture penetration on a machine equipped with the older 18-5 type of ring (18% man- 
ganese-5% chromium alloy). The modes of moisture-induced failure of the 18-5 rings 
are further discussed in Section 9.2.1 and in other chapters. 

Another reason for performing at least a partial inspection of the retaining rings is 
excessive asynchronous “motoring” or generation without the dc field energized. Un¬ 
der these conditions, the machine acts as an induction motor or generator. This can be 
damaging to rotor components such as wedges and retaining rings, due to the flow of 
induced currents in those components. Negative-sequence currents also tend to flow in 
the forging, wedges, and retaining rings. An area prone to damage from arcing is the 
contact area between the rings and the adjacent rotor wedges (Figs. 9.3 and 9.4). This 
area should be checked for electric pitting or discoloration indicating the flow of cur¬ 
rents. If these symptoms are found, remedial action should be taken. To minimize the 
risk of current flow between the wedges and the retaining rings, it is good practice to 
move the wedges away from the rings during overhauls when the rotor is out of the 
bore. In some cases, the OEM provides instructions of how to prevent these wedges 
from contacting the retaining rings. Any shift of wedge position mainly occurs during 
starts, stops, and turning-gear operation. Thus, for units operating mostly at base load, 
there is little if any shifting of wedges. 

Through visual inspection of the retaining rings, a preliminary assessment can be 
made as to the need to carry out specific tests such as nondestructive examinations 
(NDE) of several types—eddy current, acoustic, die penetrant—as well as hardness 
tests, and so forth. If the visual inspection of the surface reveals oxidation traces, pit¬ 
ting, or other warning anomalies, inspection of the inner side of the retaining rings 
might be advisable (see Fig. 9.5). This entails removing the rings, a costly and some¬ 
what risky operation (see Section 9.2.2). 

It goes without saying that for visual inspections to be effective, the paint (if pre¬ 
sent), oil, and dirt on the surface of the rings have to be removed. Unfortunately, if the 
paint is removed, the polishing action may conceal otherwise visible trouble spots. 
Some manufacturers recommend not painting the retaining rings. This depends on the 
steel type and cooling medium, as well as the manufacturer’s own experience and pref¬ 
erences. Some vendors offer technologies that they claim can perform nondestructive 
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Fig. 9.3 The photo shows a “weld” spot formed between the wedge and the retaining 
ring (not shown as it has been removed). The “weld” was formed by arcing from sur¬ 
face currents flowing on the surface of the rotor, due to an abnormal operating event. 



Fla. 9.4 Excessive asynchronous motoring developed arcs between wedges and be¬ 
tween wedges and the rotor teeth, damaging the wedges and the teeth. The excessive 
heat generated during the abnormal operation also caused the paint to discolor and 
flake. 
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Fig. 9.5 Portion of a retaining ring showing rust deposits where the protective paint 
has peeled off. Very often, the rust is superficial and easily removed. Any presence of 
rust should alert the inspector to the possible existence of water-originated pitting. 
(Reproduced from Kerszenbaum, Inspection of Large Synchronous Machines, IEEE 
Press, with permission.) 


examinations without the need to remove the paint. One should make sure that a body 
of demonstrable experience and adequate references corroborates those statements. 

During major inspections, NDE and hardness tests are always recommended. Com¬ 
monly, these tests require removal of the rotor. Recently, though, some service 
providers have been able to perform a number of nondestructive tests on retaining 
rings without removing the rotor from the bore. As stated in the previous paragraph, it 
is important to ascertain that those remote techniques have been demonstrated to pro¬ 
vide meaningful information. Although an inspection technique might work well, it is 
as important to know what it can miss, as it is to know what it can find. 

Several rotor designs have holes drilled in the body of the retaining rings (Figs. 9.6 
and 9.7). These allow the flow of gas for cooling purposes. Ring ventilation holes tend 
to be areas of mechanical stress concentration. The tangential expansion forces cause 
the areas of maximum stress at the holes to be at the inner diameter (ID) of the ring in 
the axial direction, namely, facing the ends of the rotor. Some people highly recom¬ 
mend performing eddy-current NDE on all holes drilled in those retaining rings. Other 
areas of stress concentration that should be closely inspected are tapped holes for the 
locking arrangement on the circumferential ring keys. In general, for any type of re¬ 
taining ring, EPRI’s publication, EL/EM-5117-SR, has valuable information on guide¬ 
lines for the evaluation of the condition of retaining rings, as well as a list of vendors 
offering specific inspection tests [1]. 
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Fig. 9.6 Retaining ring of a two-pole turbine generator with vent holes. 



Fig. 9.7 Close-up view of a vent hole from the retaining ring shown in the previous 
figure. The shadow is the result of deposits and erosion by the continuous high-speed 
flow of gas leaving the vent in the direction of the shade. 
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9.2.1 Nonmagnetic 18-5 and 18-18 Retaining Rings 

It is extremely important to maintain a dry and clean environment around the rotor, not 
only during the operation of the machine, but also during the overhaul and inspection 
activities. Of particular importance is keeping humidity off retaining rings made of 
18-5 alloy steel. Corrosion occurring when the rotor is removed from the bore can lead 
to failure of the ring during future operation (through stress corrosion cracking). The 
issue of stress corrosion cracking (SCC) of 18-5 retaining rings has resulted over the 
years in mountains of literature, and as long as some of these rings remain in operation, 
the topic will remain central to many a plant. Interestingly enough, only very few cases 
have been documented of catastrophic failures of 18-5 rings due to SCC. This is amaz¬ 
ing, considering the many rings with cracks found during routine and/or special in¬ 
spections. Nevertheless, SCC remains a serious risk due to the overwhelmingly nega¬ 
tive effects of any retaining ring failing catastrophically. 

Many plants replace their nonmagnetic 18-5 rings with 18-18 rings when the occa¬ 
sion arises due to the improved resistance to SCC of 18-18 rings. Many others keep 
running with their 18-5 rings. For those plants that do so and for those that plan to re¬ 
place the 18-5 rings at a later stage, it is important to maintain a rigorous management 
of these rings. This mainly amounts to keeping moisture away from the rings during 
operation, during outages, and at standstill, and carrying out careful NDE examina¬ 
tions of the rings when the rotor is out of the bore. Some operators also remove the 
rings for NDE of the rings’ internal-diameter (ID) surfaces, where most moisture tends 
to accumulate while the rotor is exposed to the environment. Figure 9.8 shows areas 
particularly prone to corrosion in the ID of a retaining ring. 

Some utilities have dual-tower hydrogen dryers to allow regeneration of the desic¬ 
cant in one tower while the other is in operation. Most also maintain effective monitor- 
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Fig. 9.8 Schematic representation of areas prone to corrosion on the ID surface of a 
body-mounted retaining ring, in particular, nonmagnetic 18-5 rings. 
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ing of the hydrogen in the unit while it is not in operation. Air-cooled units can take 
advantage of space heaters to maintain the air temperature above the dew point inside 
the machine while the unit is not running. 

Given that retaining rings remain stressed while the unit is idle (while the rings are 
mounted on the rotor), stress corrosion cracking will occur under conditions where 
moisture is present. Thus, operators of units with nonmagnetic retaining rings have de¬ 
veloped various techniques to keep moisture out of the rings during outages as well as 
during operation. Among the techniques or activities available are: 

• Always placing the rotor under a tent while it remains removed from the bore. 
The tent should be subjected to heat lamps, hot-air blowers, or dry cool air. 

• Not allowing rags soaked with water or any other liquid to rest on the retaining 
rings. 

• Not allowing the tent canvas to partially rest on the rotor (points of contact are 
prone to condensation). 

• Keeping dehumidifiers in the enclosure. 

• Maintaining dry hydrogen (or CO 2 when present) in the unit while not in opera¬ 
tion (e.g., long periods on the turning gear or just idle). 

As stated above, there is a much literature on the subject. In particular, EPRI has 
followed this issue closely over the years and produced a significant number of infor¬ 
mative publications. For those operators and inspectors who have in their plants or are 
involved with nonmagnetic 18-5 rings. References [2,3,4] contain a wealth of infor¬ 
mation, and are a good point of entry to a number of other EPRI and non-EPRI publi¬ 
cations. 

It should also be understood that the use of 18-18 retaining-rings does not negate 
the need to maintain and inspect them [5]. Although 18-18 rings have better resistance 
to the aqueous stress corrosion mechanism, they are still susceptible to it under condi¬ 
tions in which halides and copper ions are present. There have been cases of such 
cracks found in 18-18 rings [6,7,8,9]. 

Finally, one must remember that certain rotor designs include other components 
that are made of nonmagnetic 18-5 materials, for instance, airgap separating rings, 
also called zone rings and airgap clearance rings. These rings and the other 18-5 com¬ 
ponents, when present, must receive the same attention and care regarding inspections 
and moisture control as the larger retaining rings. 

9.2.2 Removal of Retaining Rings 

The removal of retaining rings and their reassembly onto the forging is one of the most 
critical maintenance activities in turbo-generators. During the process of removing or 
reassembling the retaining rings, a number of things can go wrong. First is the ring it¬ 
self As stated in other sections of this book, the retaining rings are the most highly 
stressed mechanical component of the generator. Thus, any damage to the ring, such as 
cracks, overheating, and galling in the area of the ring’s shrink seating, can cause the 
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ring to fail catastrophically during subsequent operation. Also, overheating of the ring 
in situ can damage the liner insulation under the ring, and may severely damage the 
winding insulation in the end winding. In fact, it has happened many times that an oth¬ 
erwise good winding had to be completely removed, cleaned, reinsulated, and re¬ 
assembled because of excessive damage to the end-winding insulation during removal 
or reassembly of a retaining ring. Another concern is heating the ring too quickly, 
which can alter the metallurgical properties of the ring. Finally, the shrink-seating area 
of the rotor’s forging can also be damaged by galling. 

Given those risks, it is a very serious effort for a company, especially a utility, to re¬ 
move the retaining rings. Some large utilities do have shops where these rings are re¬ 
moved, by their own personnel, by representatives of the OEM, or by third-party com¬ 
panies experienced in this type of operation. 

Historically, the first method to heat and expand a retaining ring for the purpose of 
removing it or installing it was by using two single gas-flame torches at the same time, 
having one person on each side of the ring. This method caused a lot of aggravation. 
Many such operations have been mishandled because of the reasons stated above, due 
to uneven heating of the ring, and because of overheating. Eventually, the technique 
evolved into placing a number of torches on a ring that fits around the retaining ring. In 
this manner, a much more uniform heating was achieved. Figure 9.9 shows a sketch of 
this technique. 

Following the torch ring, a better technique was developed by applying a heating 
blanket around the retaining ring. The system consists of an insulation covering on top 



Fig. 9.9 Flame removal of retaining rings by gas torch ring. 
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of a ring of electrical heating elements that are wrapped around the retaining rings (see 
Fig. 9.10). 

This technique allows a much higher level of temperature control than by the use of 
gas torches. Thermostats control the temperature of the retaining ring within narrow 
margins. 

Finally, still a more efficient technique has been developed that uses induction heat¬ 
ing. This method is based on an insulated conductor wrapped around the retaining ring, 
carrying ac current. An insulating blanket is also placed over the cables, so that the 
temperature of the ring is maintained. The application of an ac magnetic flux to the 
bulky retaining ring causes significant eddy losses that translate into a temperature 
rise. The benefits of induction heating are fine control of temperature, fast response, 
and no damage to the surface of the ring by applying direct heating. The weight of the 
cables wrapped on the ring is considerably less than that of the thermal elements; 
therefore, the ring can be manipulated with the cables and wrapping left on it while in¬ 
stalling it onto the forging, or while removing it. Thus, the temperature of the ring de¬ 
cays slowly, giving more time to the personnel involved with the operation to do it 
right. Figure 9.11 shows a retaining ring being removed by induction heating. 

It has been pointed out above that the removal or installation of a retaining ring is 
best left to the professionals. In fact, although both removal and installation of re¬ 
taining rings carry significant risks to the components, the most difficult activity is 
that of installing the ring over the end winding packed with insulation, amortisseurs, 
and the insulation liner. The trick is to heat the ring enough so that a manageable 



Fig. 9.10 Retaining ring of a turbo-generator's rotor being prepared for its removal by 
electrical heating. 
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Fig. 9.11 Retaining ring of a turbo-generator rotor being removed by induction heat¬ 
ing. At present, this is probably the most effective technique to safely remove retaining 
rings without damaging the ring or the insulation of the field winding. 


clearance is maintained between the shrink surfaces of ring and forging while avoid¬ 
ing overheating it. That clearance is generally about 0.030". As the temperature de¬ 
cays, once the source of heat is removed, the operation must be done carefully but 
relatively quickly. Otherwise, the heating process might have to be repeated, includ¬ 
ing reinstalling the temporary steel bands that hold the end winding tightly together. 
This is true in all cases. Nevertheless, there are techniques that make the operation 
simpler. For instance, specialized shops (such as OEMs or other large outfits) may 
have a large apparatus that holds the retaining rings in the right position and at some 
axial distance from the rotor forging. As the ring reaches its proper temperature for 
mounting, the apparatus moves on rails so that ring comes exactly onto the end-wind¬ 
ing and forging sitting areas. 

Other techniques, based on special articulated clamps, certainly required experi¬ 
enced personnel to avoiding reheating the ring several times. Figure 9.12 shows a set 
of articulated clamps, and Fig. 9.13 shows the ring hanging by the clamps. 

One additional problem that can happen when removing a retaining ring is causing 
unforeseen damage from some defect already present but unobservable without the 
ring being removed. Such a situation could be due to previous damage on the rotor 
forging shrink-fit surface (Fig. 9.14) or negative-sequence or motoring current flowing 
from the shrink fit of the forging to the retaining ring, causing arcing and fusing of the 
two components. When the retaining ring is pulled axially to remove it, the fused point 








Fig. 9.12 Retaining ring mounted on the forging showing the articulated set of 
clamps. The clamp mounted on the forging is used as an anchor to push the ring off 
the forging. The clamp mounted on the retaining ring is used to lift the ring for re¬ 
assembly onto the forging or to hold it during removal. 



Fig. 9.13 Retaining ring held with articulated clamps as it hangs from the crane. 
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Fig. 9.14 Retaining ring with galling damage that occurred due to removal. The rotor 
had previous damage to the shrink-fit surface, and removal of the ring made the situa¬ 
tion worse. The remedy in this case was to machine the inner surface to clear the 
galling marks. The amount of machining allowable is that amount that still allows the 
rotor to be capable of 15% overspeed capability. Anything less and the ability to do 
overspeed tests would be compromised and could lead to the danger of the ring los¬ 
ing its shrink seating, and floating off the forging during operation. 


breaks and creates a jagged surface and debris. This can cause galling of the retaining- 
ring shrink-fit surface, as well as damage to the forging shrink-fit surface. 

Although removing the retaining ring safely has its difficulties, reinstalling it is a 
far more complex operation because now the end winding must be secured with steel 
bands that are removed one at a time, as the ring slides over it. The steel bands are tem¬ 
porarily installed so that the end winding is compressed to its operational dimension. 
Without these bands, the retaining ring cannot be installed. 

Some designs are simple; the retaining-ring liner and the damper winding are se¬ 
cured under the steel bands and the retaining ring is a single piece that must be moved 
over the end winding. In other designs, part of the damper winding must be first placed 
inside the retaining ring, and held there by some type of device until the ring goes over 
the end winding. There may be several damper winding parts inside the ring. The en¬ 
tire device is now more difficult to assemble onto the forging and great dexterity and 
experience is required from those engaged in this operation. Figures 9.15 and 9.16 
show such a retaining ring and its attachments. 

Figure 9.17 provides a good look at what can be seen when the retaining rings of the 
previous figures are removed. 









Fig. 9.15 Retaining ring being readied for reassembly onto the rotor. The photo 
shows the ring with fingers (when the retaining ring is mounted, the fingers are in con¬ 
tact with the top turns of the winding, providing a closed electrical circuit from side to 
side of the rotor). The ring with fingers actually is made of a number of segments held 
together by the other ring shown in the figure. This contraption must be held securely 
when reassembling the retaining ring onto the forging, as it goes over the end winding. 
The next figure shows how it is held together. 
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Fig. 9.16 The same retaining ring of the previous figure, showing how the damper 
winding is kept together during reassembly of the retaining ring onto the rotor body. 
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Fig. 9.17 View of the retaining ring of the previous figure being removed. The photo¬ 
graph shows some of the components that go under the retaining ring. These compo¬ 
nents are shown not in their original position (covering the end winding), but shifted to¬ 
ward the direction in which the retaining ring is removed. 


Formula for Retaining-Ring Growth with Temperature. Regardless of the 
method of removing a retaining ring, heat is either applied to or induced in the ring to 
make the ring diameter grow such that it will fit onto the forging over the shrink-fit 
area of the teeth. The problem is that not all rings are the same size and not all rings 
use the same shrink-fit dimensions. To install or remove a retaining ring, one has to 
know the actual shrink-fit dimension for the rotor in question; then the temperature to 
heat the ring to such that it will go on or come off can be calculated. The equation to 
calculate this is as follows: 


^ A/ + 0.030" 

Temperature, 7= ambient + AT= ambient H-;—;-, degrees C 


where 

Ar= additional temperature above ambient to achieve shrink-fit growth size 
A/ = shrink fit of retaining ring 
/ = inside diameter of retaining-ring shrink-fit area 
k = thermal expansion constant 
= 13 X 10“® for 18-18 rings 
= 11x10“® for 18-4 or 18-5 rings 
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Note in the formula that an additional 0.030" is added to the A/ (shrink fit) of the 
ring to allow for space to install or remove rings without causing retaining-ring liner 
damage. 


9.3 FRETTING/MOVEMENT AT INTERFERENCE-FIT SURFACES 
OF WEDGES AND RINGS 

Look for fretting or other movement signs between the contact surfaces of shrink-fit 
components. Signs of fretting or movement could indicate excessive heating of the 
shrunk member or abnormal forces experienced during the operation of the machine. 
Examples are cracks in the shrunk member and insufficient interference fit. Given the 
serious consequences of failure of any rotating element, prompt attention should be 
given to any such sign of distress. 

9.3.1 Tooth Cracking 

There are two basic designs for retaining rings: the spindle-mounted design and the 
body-mounted design. Each design has characteristic weak points demanding close ex¬ 
amination during an inspection. Figure 9.18 shows the basic retaining-ring designs and 
their weak points. 

It is important to note that when removing a body-mounted retaining ring, the in¬ 
spector should look for the tooth top-cracking phenomenon. This alludes to when the 
top part of a rotor tooth directly subjected to the pressure exercised by the shrunk re¬ 
taining ring cracks or breaks due to the mechanical stress to which it is subjected. In 
severe cases, parts of the tooth have been known to come loose during removal of the 
retaining ring (see next section). Some designs are more prone to this phenomenon 
than others. Whenever a body-mounted retaining ring is removed, however, the in¬ 
spector should consider looking for cracked rotor teeth. 

Inspections for tooth cracking require removing the retaining rings and partial re¬ 
moval of the wedges. Given the costs and risks to the rotor associated with these activ¬ 
ities, they are mainly reserved for those units that are in one way or another prone to 
these phenomena, as learned from experience within and without the plant, or from 
OEM technical information bulletins and/or recommendations. 

Tooth-Top Cracking. With certain older designs of body-mounted retaining 
rings, the area of the rotor teeth between the groove for the ring key and the end of the 
rotor was prone to the development of cracks (Figs. 9.19 and 9.20). Many times, the 
upper sections of the teeth broke off and came apart when the rings where removed for 
inspection. The causes of this type failure are attributed to a number of weaknesses in 
the design. In particular, the design of the key groove and shrink-fit area stresses. 
Many rotors in which these types of cracks were found could be fixed and returned to 
operation. The fix is not trivial and requires a substantial outage and expense. Refer¬ 
ence [4] provides a good entry point to literature on this subject. Bear in mind that 
those vendors whose rotors have experienced these problems are well versed by now 
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Spindle-mounted 




Fig. 9.18 Schematic representation of typical spindle-mounted and body-mounted 
retaining rings. 


on how (if possible) to repair them. Thus, it is highly recommended to work together 
with the OEM in addressing such a problem. 

Fretting-Fatigue Tooth Cracking. Another phenomenon that results in damage 
to the contact area between rotor wedges and the slot area is due to cumulative fretting 
fatigue. In general, the cracks are on the forging in the area close to the wedge ends. This 
phenomenon is practically exclusive to short steel wedges. The main mechanism iden- 
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tified as responsible for the development of this type of failure is the cumulative effects 
of fretting of the short steel wedges against the slot due to start/stop operations, turning- 
gear operation, and cyclic loading. For reasons of weight, elastic modulus, and other 
physical characteristics, aluminum wedges do not result in a similar problem. 

Fretting-fatigue-originated cracks are normally repairable by grinding of the affect¬ 
ed area. Replacing steel wedges with aluminum wedges, when possible, basically 
eliminates further development of new cracks. 

In many designs, the first slot next to the pole face (see Fig. 9.21) has steel wedges, 
whereas the rest have aluminum wedges. The steel wedges are introduced there to ef- 











Fig. 9.21 Rotor quadrant showing position of slot #1. 
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fectively increase the width of the pole face, for magnetic reasons. Fretting fatigue be¬ 
tween slot and wedge will happen then on the first slot, the one with the steel wedges. 
One change targeting the elimination of fretting-fatigue crack initiation is the one that 
replaces the steel wedges in the first slot next to the pole face with aluminum wedges. 
Studies done by several OEMs show that replacing the steel wedges with aluminum 
wedges increases the excitation requirements by only up to 1% while introducing neg¬ 
ligible changes to the performance of the unit. An alternative approach is to replace all 
short steel wedges with long, full-length aluminum wedges. This approach also elimi¬ 
nates the fretting-fatigue issue while introducing very small changes to the originally 
designed performance characteristics. 

This type of problem has not normally posed a great risk of catastrophic failure for 
most rotors. It has been mainly discovered and taken care during rewinds of the field 
winding, or when other winding repairs require the removal of the retaining rings and 
wedges. One is also usually alerted to it by high rotor mechanical vibration once the 
crack becomes significant. However, for those machines that are subjected to many 
start/stop operations, cyclic loading, and long periods on the turning gear, plant opera¬ 
tors should consult with the OEM about establishing an inspection plan addressing 
these concerns. For instance, during one of the major planned outages, the rotor could 
be partially dismantled to allow an inspection of the areas of the slot prone to fretting- 
fatigue cracking. 

The in-depth research of the fretting-fatigue-cracking phenomenon was originally 
carried out in the United Kingdom during the 1970s. During that time, it was found 
that some fretting-fatigue cracks grew so big that the cracks were almost halfway 
through the rotor forging in a few rotors. The subject rotors that were affected so dra¬ 
matically all had short steel components in use in a rotor slot, and they had a very high 
length-to-diameter ratio, with high inherent bending stress in the rotor body. Nowa¬ 
days, research on this subject is also pursued in the United States by some vendors be¬ 
cause of the large number of units showing up with these cracks. References [5-8] are 
a good introduction to the problem, and can provide a wealth of additional references 
for those interested in this particular problem. 

The following is a summary of where things stand today regarding wedge-to-slot 
fretting fatigue: 

• Found only on rotors with short steel wedges (or short steel components such as 
magnetic pole-face filler blocks). 

• Found almost exclusively in two-pole rotors. 

• Rotors with aluminum wedges are impervious to the phenomenon. 

• Depends strongly on number of starts. 

• Disagreement among OEMs about inspection intervals. 

• Disagreement among OEMs about inspection techniques. 

• Disagreement among OEMs about crack propagation. 

• Phenomenon first studied in detail in the U.K. (at Parsons) many years ago. 

• Fretting-fatigue threshold sharply decreases with decreasing wedge-to-wedge 
contact gap (on the dovetail load area). 
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• Filleted or tapered contact surfaces of wedges at their ends reduces fretting. 

• Full-length wedges eliminate pressure points and relative movement, eliminating 
fretting. 

• Fretting-fatigue threshold decreases with increasing hardness of wedge material 
(therefore, aluminum wedges are less prone to create fretting than steel wedges). 

• Better forging manufacturing and slot machining result in lower residual stresses 
and less crack growth after initiation. 

Figures 9.22 and 9.23 show two examples of slot fretting-fatigue indications. 

There is a well-developed body of theoretical analysis explaining this phenomenon. 
The original work, done by one OEM in the U.K. in the 1970s, has been enhanced and 
supported by recent studies carried out with modem finite-element analysis (FEA) and 
fracture-mechanics analysis. Although these analyses are quite complex, placing them 
outside the scope of this book, it is interesting to note that there is a common denomi¬ 
nator among the OEMs regarding some of the main mechanisms of crack initiation, yet 
there are disagreements about crack propagation. Most agree that most fretting occurs 
with the unit accelerating or decelerating, when there is more movement between 
wedge and slot. Also, there is agreement that negative-sequence currents can harden 
the steel in the area of contact and be a factor, in some instances, of crack initiation due 
to fretting fatigue. However, the well-documented initial number of cases of fretting 
fatigue in which the rotors sustained a catastrophic failure had no initiation other than 
pure fretting fatigue of short steel components on a steel forging. For rotors that are 
deemed susceptible to fretting fatigue, one must be careful to also inspect those rotors 



Fig. 9.22 Fretting-fatigue marks in area of slot dovetail. 
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Fig. 9.23 Fretting-fatigue marks in area of slot dovetail. 


for this phenomenon, even when there are no operating events that may influence the 
problem. Temperature differentials in the rotor forging are different when the unit 
ramps up in speed than when it coasts down. Some speculate that most of the stress for 
crack initiation and growth happens when the unit is on its way down. All agree that 
residual stress from the manufacturing process in the rotor teeth is critical for crack 
propagation. Figures 9.24, 9.25, and 9.26 schematically show some of the strain intro¬ 
duced into the slot dovetail area during upload and download of the unit. 

When fretting marks, cracks, or other indications are found, there is always the is¬ 
sue of what to do about them. The reality is that the large majority of indications and 
cracks found do not propagate or they do so very slowly and may not become a life- 
limiting factor for the forging. Flowever, most agree that it is prudent to remove them, 
regardless if they appear to be dormant and not propagating. A couple of approaches 
have been taken to remove any damage found. One is to simply blend or grind out the 
indication if it is small or to make a series of machining cuts to remove the cracks (Fig¬ 
ure 9.27). Obviously if the crack is very large, then further evaluation is required to de¬ 
termine if it can be removed so that the rotor forging will still be operable, or if the 
forging has to be retired. 

One final issue is the additional excitation required due to removal of any steel 
wedges that are made of magnetic material. Another concern is the effect on the wave¬ 
form, but it is unaffected by this change. Replacement of steel wedges with aluminum 
wedges has been done on many rotors since the late 1970s and operation has continued 
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Fig. 9.24 Strains in the rotor during acceleration. 



TEMPERATURE GRADIENT ACROSS ROTOR RELATIVELY LOW-NO 
SIGNIFICANT TANGENTIAL LOADING DUE TO TEMPERATURE DIFFERENTIALS 


Fig. 9.25 strain in the rotor tooth during steady-state operation. 
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Fig. 9.26 Strain in the dovetail area during deceleration. 


since then with no problems. The main effect is an increase in excitation of less than 
1% on load and up to about 3% on open circuit. The open-circuit condition is no issue 
because the excitation level is always well within exciter capability, and the on-load 
condition, which requires an additional 1% excitation, only comes into play if one op¬ 
erates out to the full lagging power factor. Most exciters have this margin and it is not 
generally an issue. 



Fig. 9.27 Machining cut dene tc remeve fretting fatigue marks cn a large twc-pcie rc- 
tcr that had numercus indicatiens found. Ncne were deemed tc be life limiting but all 
the indicatiens found were machined out. The steel wedges in the affected slot were 
replaced with aluminum wedges. 
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9.4 CENTERING (BALANCE) RINGS 

Retaining rings are shrunk onto centering or balance rings, or onto the forging (spin¬ 
dle mounted; see Fig. 9.13 and the bottom panel of Figure 9.18). The interference sur¬ 
faces include arrangements for the presence of locking keys and locking-key grooves. 
These are areas of concentrated stress. They should be inspected for stress-related 
cracks and other anomalies. The shrink area of the centering ring should be subject to 
NDE tests when the retaining rings happen to be removed. 


9.5 FAN RINGS OR HUBS 

In two- or four-pole machines, one arrangement of the rotor-mounted fans has the fan 
blades attached to fan rings or hubs shrunk onto the shaft (Figs. 9.28 and 9.29). In oth¬ 
er arrangements, the fans are of the centrifugal type of design (Fig. 9.30). Either type 
requires attention to possible cracks forming in the shrink areas where the fan hub at¬ 
taches to the shaft. Occasionally, the need for removing a retaining ring requires re¬ 
moving the rotor-mounted fans. These events provide an opportunity for a good visual 
and NDT inspection of the shrink areas and shrunk components. Also, when centrifu¬ 
gal fans are employed, the fan vanes are sometimes riveted to the fan plates and these 
areas should be NDE inspected for cracks. Vanes have been known to come off from 



Fig. 9.28 Fan ring and fan blades of a two-pole cylindrical rotor. In this design, the di¬ 
ameters of the fan ring and blades are larger than the diameter of the bore. Thus, the ro¬ 
tor can only be removed in the direction of the fan unless the fan is disassembled prior 
to removal of the rotor. Compare this design with the one shown in the following figure. 
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Fig. 9.29 Two-pole cylindrical rotor with its axial fan having an overall diameter small¬ 
er than the diameter of the retaining rings. 



Fig. 9.30 Two-pole rotor sporting a centrifugal fan. 
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fatigue of the rivets or tenons used to hold them in place. Figure 9.31 shows a typical 
fan ring of a two-pole, 180 MV A, hydrogen-cooled unit. 


9.6 FAN BLADES 

Two-pole and four-pole machines tend to have axial fans or centrifugal fans on their 
rotors, as stated above. In either case, the fan blades might be an integral part of the fan 
hub or, as with most axial fans, be either welded or bolted to the fan hub (Fig. 9.32). 
Axial-fan blades must be inspected in the area where they attach to the hub. Centrifu¬ 
gal-fan blades or vanes must be inspected for cracks in the area where they are welded 
or riveted to the lateral plates, as mentioned in the previous section. In all cases, inter¬ 
ference-fit stresses and/or centrifugal forces induce mechanical stresses in those ele¬ 
ments (Fig. 9.33). 

It is important to keep in mind that in any of the many versions of fan blade attach¬ 
ment, it is very important to examine the condition of the blades and the soundness of 
their attachment. Cracks at the root of axial-fan blades are not uncommon. If bolted, 
attention should be given to snugness and nut-lock condition. It is, therefore, important 
during a major inspection to assess their mechanical integrity visually and, when the 
situation requires, by NDE techniques. 



Fig. 9.31 Fan ring of a two-pole, 180 MVA, hydrogen-cooled alternator. 











Fig. 9.33 The fan in this photo shows a vane that has failed at the rivets or tenons 
and come off the main assembly. The vane became a missile and struck the stator 
end-winding supports, causing significant damage to the stator as well. 
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Figure 9.34 shows the unusual double-axial rotor-mounted fan arrangement and the 
stationary guide fins of a two-pole unit built in the 1960s. This type of design is known 
for presenting challenging stresses to the larger-diameter row of blades. A unit with 
this type of arrangement ought to have its larger-diameter row of blades carefully in¬ 
spected, specifically at the roots. 


9.7 BEARINGS AND JOURNALS 

All bearings for the size of generators discussed in this book are of the friction {sleeve) 
type. Flowever, the actual design of the bearing can be very different for a number of 
characteristics. This diversity makes it impossible to describe them all here. Neverthe¬ 
less, the following comments apply to any type of bearing. 

Inspection of the bearing journals should be an integral part of any extensive ma¬ 
chine inspection. Such inspection is, of course, combined with inspections of the bab¬ 
bitt metal and other bearing components, as well as the inspection of the oil-baffle 
labyrinth, and measurement of oil-seal ring clearances and bearing clearances. 

Inspection of the used oil may shed some light on the condition of the bearing. Dirt, 
discoloration, and acidity are reasons for a change in the oil. Any excessive abnormal 
condition should be investigated for its root causes. Metal particles in the oil are an in¬ 
dication of bearing problems. 



Fig. 9.34 Rotor-mounted double-axial-fan arrangement plus stator-mounted station¬ 
ary row of gas guides, on a two-pole, hydrogen-cooled turbo-generator. The station¬ 
ary gas guides can be seen behind the larger-diameter row of moving blades. 
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When operated under design temperature and load conditions, sleeve bearings are a 
very reliable component of the machine. However, severe vibration, lack of sufficient 
flow of oil, deficient cooling, and external pollutants such as foreign materials and 
shaft currents can result in bearing failure. In Chapter 8 covering stator components, it 
was noted that shaft voltages and currents can be detrimental to bearings. The exis¬ 
tence of shaft currents tends to show up as minuscule spots of melted material. When 
viewed with the aid of a magnifying glass, depending on the angle of the light, they 
may appear as tiny rounded pits. It is, therefore, recommended to look for signs of 
electric pitting of the bearing-journal surfaces at every opportunity when visual access 
to that area is available. Foreign materials tend to become embedded in the babbitt. 
Figure 9.35 shows the babbitt metal and half-bearing of a two-pole unit. Figure 9.36 
shows same babbitt metal being “scraped” prior to its installation in the unit. The need 
for this operation may arise from severe heat staining if a bearing has been overloaded 
or misaligned (Fig. 9.37). 

Polishing the journals and resurfacing (rebabbitting) the bearings are common oper¬ 
ations carried out during major overhauls. If very severe damage has been incurred, 
complete rebabitting may be required. 

An additional activity related to bearing inspection is checking the integrity of 
bearing insulation and grounding brushes. Figure 9.38 depicts a full view of a bracket- 
mounted bearing. 

Working with large friction bearings is a delicate task requiring adequate expertise. 
It is thus highly recommended that only individuals with the proper experience and 
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Fig. 9.36 Section of a bracket-mounted bearing from a two-pole, 180 MVA, hydro- 
gen-cooled generator having its babbitt metal scrapped in preparation for installation 
after overhaul. 



Fio. 9.37 Heat-stained lower half of a main generator bearing. 
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Fig. 9.38 Full view of a bracket-mounted bearing. 


knowledge be assigned the task of inspecting and refurbishing the bearings of a large 
machine. 

For the reader interested in state-of-the-art developments in the realm of bearing ap¬ 
plications for large machinery, EPRI has been sponsoring projects conducive to the ap¬ 
plication of magnetic bearings in large electric rotating machinery. When (if ever) this 
technology becomes widely implemented, things will never be the same in the areas of 
bearing operation and maintenance. 


9.8 BALANCE WEIGHTS AND BOLTS 

In large machines, balance weights, bolts, nuts, and any other rotor attachments are 
subjected to intensive centrifugal forces. For example, a 2 ounce nut will exert a cen¬ 
trifugal force of over 1000 pounds when attached to the rotor belonging to a typical 
two-pole machine. In addition, the constant vibrations and thermal cycles tend to 
work these loose. A weight, nut, or bolt that has broken loose under these conditions 
may result in a major failure of critical components of the machine. For these rea¬ 
sons, these elements are secured with many types of locking mechanisms or staking 
arrangements. It is important during the inspection of the unit to verify that all such 
nuts, bolts, and weights are secure and all locking devices are in order. This is par¬ 
ticularly necessary when work has been performed on the rotating member during an 
overhaul. 
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Balancing weights may come in many shapes and be placed in a number of loca¬ 
tions on the rotor body and/or components. For instance, balancing weights may be lo¬ 
cated on the circumferential ring, just underneath the shrink area of the retaining rings. 
Additional weights may be located on the collector-ring structure (see Fig. 9.39). 

Balancing bolts can also be found along the forging on the pole faces. These bolts 
are part of the factory balancing, and it is best to leave them undisturbed during major 
overhauls (e.g., a rewind) done in a setting other than a shop with a balancing pit. The 
inspector should ascertain that those bolts are secured in their original position (by 
looking at the pinlocking or staking points placed during balancing). See Figures 9.40 
and 9.41 for examples of balancing bolts on forging. 


9.9 END WEDGES AND DAMPER WINDINGS 

During unbalanced load conditions, as well as during system oscillations or other types 
of abnormal operation, alternating currents are established in the body of the rotor. 
These currents tend to flow along the rotor body (poles and teeth), along the wedges, 
and in the end bells (retaining rings). This was discussed in Chapter 4 (see Fig. 4.19). 

During the bridging of high-resistance contact areas, the currents can give rise to 
very localized pitting of the metal. These high-resistance areas are mainly found in 
the contact surfaces between the wedges and the slot, between different wedges, and 
between wedges and retaining rings. Figure 9.42 shows one example of a wedge that 



Fig. 9.39 Balancing weights on the structure of a collector ring. 
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Fig. 9.42 Wedge that migrated toward the retaining ring until it touched it. Skin cur¬ 
rents due to abnormal operation events or power swings resulted in electric pitting of 
the contact area. Both the wedge and the retaining ring need to be inspected for dam¬ 
age and an evaluation of the required repairs made. 


has migrated toward the end bell; rotor-body currents resulted in pitting of the 
wedge. 

It is possible that severe pitting of the end bells can lead to catastrophic failure due 
to crack growth initiated from pitting; it is for this reason that the end wedges are kept 
from touching the end rings in most machines. Although normally pin locked, wedges 
tend to migrate toward the end rings during the operation of the machine. If this situa¬ 
tion is encountered during inspections with the rotor removed, the offending wedges 
should be driven back away from the rings. Figure 9.43 presents a view of wedges kept 
about 2 millimeters from touching the retaining rings. Figure 9.44 shows the resulting 
gap between wedges when the end wedges migrate toward the retaining rings. Figure 
9.45 is a view of a wedge with a full length of the slot designed to touch the retaining 
ring. 

After severe motoring or generation with the field off (induction-mode operation), 
inspection of the rotor should always include inspection of the wedge-ring contact area 
as well as between the wedges themselves and between wedges and the rotor body. It 
is important to note that any sign of burning should be carefully investigated. (See 
Figs. 9.3, 9.42, and 9.49 for damage due to electric currents between wedges and re¬ 
taining rings, and see Fig. 9.46 for damage to wedges and forging due to electric cur¬ 
rents between the wedges and the forging.) 
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Fig. 9.43 Narrow strips in the figure (two-pole, 80 MVA unit) are the end wedges. The 
wedges are touching the end bell. (From Kerszenbaum, Inspection of Large Synchro¬ 
nous Machines, 1996, IEEE Press, reprinted with permission.) 



Fig. 9.44 Two-pole generator in which the narrow strips are the wedges (with num¬ 
bers on them). The various gaps indicate the amount of migration toward the end rings 
by the end wedges. (From Kerszenbaum, Inspection of Large Synchronous Machines, 
1996, IEEE Press, reprinted with permission.) 
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Fig. 9.45 Turbo-generator rotor with one aluminum wedge per slot. In this machine, 
the wedges are designed to touch the retaining rings. 



Fig. 9.46 Arcing damage incurred between the rotor forging and the end of a full- 
length aluminum wedge due to low-speed motoring of a cross-compound machine 
during an attempt to pull the low-speed rotor to speed by magnetic coupling to the 
high-speed machine. A mismatch in turning gear speed between the two rotor lines 
caused low “slip” frequency currents to flow in the easiest path available. 
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Some manufacturers include a damper winding in two- and four-pole turbo-genera¬ 
tors. These are designed to minimize the adverse effects of induced currents in the ro¬ 
tor. Damper windings (amortisseurs) were already discussed in Chapter 2. Figure 9.47 
shows an amortisseur winding of the copper sheet type and the contact between the 
amortisseur and the end wedges designed to carry the skin currents. Despite the exis¬ 
tence of a damper winding, these rotors should also be inspected for signs of induced 
currents. These may damage the forging or other components due to failure of the 
amortisseur winding to carry all the induced currents (e.g., due to higher-than-normal 
contact resistance to the end wedges). Figure 9.48 shows the finger area of the amortis¬ 
seur with the wedge removed. This area ought to be carefully inspected for cracks or 
other damage whenever the end rings are removed for whatever reason. 

Other manufacturers design their rotor wedges to be equal to the full length be¬ 
tween the end bells and to be in contact with them (see Fig. 9.45). These wedges, made 
of aluminum and short-circuited by the retaining rings, are designed to conduct the 
negative-sequence currents (when present), providing adequate damping of rotor oscil¬ 
lations. 


9.10 OTHER WEDGES 

Check all wedges for discoloration, which indicates that the machine has been operat¬ 
ed under abnormal conditions. Check for cracks and excessive looseness. If the clear¬ 
ances between wedge and slot appear to be excessive, contact the OEM for recommen- 



Fig. 9.47 Two-pole, 160 MVA rotor with a copper-sheet amortisseur. The fingers of 
the amortisseur are in contact with the end wedges. 
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Fig. 9.48 Damping winding of the previous figure. Its fingers are shown in the slot 
area with the end wedges removed. This is required for a good visual inspection of the 
fingers. Cracks in the fingers can develop into full loss of contact between amortisseur 
and wedges. 


dations. The various designs and manufacturers differ in the value of the clearance al¬ 
lowed between rotor wedge and slot. 

Overheated wedges, in particular those made from aluminum alloys, might have be¬ 
come distorted or lost their original mechanical properties. Consult the OEM for rec¬ 
ommendations for each particular design. Figure 9.49 shows a wedge discolored by 
excessive flow of skin current during an abnormal event. 

In the case of aluminum and brass wedges, particular attention should be given to 
points of greatest mechanical stress concentration. Inspection of these can only be car¬ 
ried out with the wedge (and hence at least one end ring) removed. Obviously, this 
costly operation is only justified under very special circumstances (see Fig. 9.50). 


9.11 WINDINGS—GENERAL 

In Section 2.13 of Chapter 2, a general description of rotor windings is presented. In 
the present section, the authors attempt to review the most common problems that one 
may find in rotor windings during operation of the machine. 

In terms of stochastic data, field windings tend to have expected lives shorter than 
those of stator windings (25 to 30 years vs. 30 to 40 years). This is so, even though sta- 
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Fig. 9.49 A discolored end wedge. The discoloration is the result of excessive skin- 
current flow between wedge and retaining ring. As can be seen by the location of the 
pinlocks, the wedge migrated toward the ring. The wedge below (number 19) remained 
in its original place and does not show signs of overheating. The damage to the wedge 
touching the retaining ring indicates that this area should be inspected for damage. 
The wedge below number 19 also shows signs of discoloration due to overheating. 
This wedge also migrated toward the retaining ring until full contact has was estab¬ 
lished. 


Top of wedge (air/gasgap) 



Fig. 9.50 Cross section of a wedge showing typical stress areas. 
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tor windings are subject to much higher voltage stresses. The reason for this disparity 
is rooted in the much more intense mechanical and thermal stresses that rotor windings 
endure, in addition to having a thin layer of intertum insulation. As the rotor acceler¬ 
ates from standstill to full speed, the winding experiences a positional adjustment due 
to the large centrifugal forces acting upon it. This, coupled with the elongation of the 
conductor due to heating, introduces bending and sliding between turns, and between 
turns and slot-wall insulation, between end-winding turns and retaining-ring lining in¬ 
sulation. A similar process occurs as the unit deloads and it is brought to standstill. In 
addition, the winding elongates and contracts due to load (real and reactive) changes 
during operation. Finally, torsional oscillations due to grid events or operational activ¬ 
ities (such as a “rough” synchronization) add additional strain to the winding. Design 
peculiarities coupled with turning-gear operation is another source of stress, as is cop¬ 
per dusting, covered in detail elsewhere in the book. Thus, it should be no surprise that 
these highly stressed components tend to experience more aging and damage than oth¬ 
ers. The job of the inspector is to understand operational (e.g., double-shifting) and de¬ 
sign (e.g., consolidated vs. unconsolidated coils, type of intertum insulation, or type of 
blocking) sources of strain on the rotor winding, and look for telling signs of damage 
or impending damage for each specific type of design. 

9.11.1 Conductor Material 

Field windings are almost exclusively made from high-conductivity copper. In some 
special cases (such as in units affected by top-turn cracking), the top turns in some 
slots may be made of a copper alloy of lower conductivity. There are a few odd de¬ 
signs in operation in which rotor windings are made of aluminum. There are a num¬ 
ber of interesting trade-offs between copper and aluminum as conductor material in 
electrical apparatus. For instance, it is quite common to find transformers—in partic¬ 
ular dry-type units or oil-filled units of low ratings—that use aluminum conductors. 
Aluminum conductors also are found in many squirrel cages of induction machines. 
Table 9.1 lists some of the trade-offs between copper and aluminum as electrical 
conductors. 

As shown in Table 9.1, copper has an advantage over aluminum in almost every 
physical characteristic when it comes to application in a highly stressed environment 
such as a turbo-generator rotor. However, when comparing the effectiveness of copper 
versus aluminum as electrical conductors when the specific weight is included, alu¬ 
minum is about twice as effective. At the time of this writing, the price of copper is 
about twice that of aluminum, and that may add some incentive to using aluminum. 
So, why then do the vast majority of rotors have copper for their rotor winding con¬ 
ductors? It is because of copper’s physical properties versus aluminum, and the harsh 
conditions of the application more than make up for the price and weight advantage 
held by aluminum. Also, there is one critical design constraint that favors copper: the 
fact that an aluminum winding would require more slot cross section (all else being 
equal), and that means a bigger rotor and a bigger machine. 

In spite of the above, some turbo-generators were manufactured with aluminum 
windings, and if the reader has the opportunity to inspect/troubleshoot such a unit. 
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Table 9.1 Comparison of several characteristics of copper and aluminum for conductor use. 


Characteristic 

Copper 

Aluminum 

Electrical conductivity 

100 

63 

Specific weight 

100 

30 

Heat transfer 

100 

59 

Thermal elongation 

100 

134 

Melting point 

100 

62 

Effectiveness as electrical 

100/100 = 

1 63/30 = 2 

conductor per unit of weight 
Toughness 

Brittleness 

Ductility 

Cu more tough than A1 

Cu less brittle than A1 

Cu has higher ductility than A1 

Malleability 

Corrosion resistance 

Cu less malleable than A1 

Cu more resistant to corrosion than A1 


*A11 values are normalized against copper being equal to 100%. 


he/she should be aware of some very specific issues associated with those windings. 
Figure 9.51 shows a rotor with aluminum windings headed for a rewind. 

One major challenge for the OEMs of rotors with aluminum windings is the joints 
between the copper and the aluminum portions of the winding (due to the same advan¬ 
tages that copper has over aluminum regarding their physical characteristics, copper 
may be found in sections of aluminum windings, such as top and bottom turns, and 
leads). Figures 9.52 and 9.53 show some details of the copper and aluminum arrange¬ 
ment. 

9.12 WINDINGS—SLOT REGION 
9.12.1 Slot Liner 

The first subcomponent of interest in the slot area is the slot liner (also called wall in¬ 
sulation). Made usually of Nomex, resin-impregnated glass fiber, or other similar 
compound, its main function is to provide electrical insulation between the conductors 
and the forging, by “wrapping” the coil inside the slot. Figure 2.54 shows the slot liner 
and its position in the slot area. Slot liners can entirely wrap the coil or, in designs with 
a cooling subslot, can be made of two sections, one against each of the slot walls (see 
Fig. 2.54 and Fig. 9.1). The slot liner must provide good electrical insulation while 
withstanding severe thermal and mechanical forces. It is, therefore, not surprising that 
the main mechanisms of failure are mechanical in nature, being tearing and/or abra¬ 
sion. Abrasion arises from copper dust present between turns and the wall insulation 
(see sections on copper dusting), or/and from axial and side forces introduced by coil 
deformations, centrifugal forces, and, mainly, elongation and contraction forces due to 
load changes and starts and stops. Two major differing designs can be found affecting 
slot liners: consolidated coils and unconsolidated coils. The vast majority of designs 





Fig. 9.51 Two-pole, 60 Hz, 183 MVA, hydrogen-cooled turbo-generator rotor with 
aluminum windings headed for rewind. The whitish aluminum conductors are clearly 
visible In the end windings. 


Fig. 9.52 New coll for the 183 MVA rotor shown In the previous figure. The photo 
clearly shows that the bottom and top turns in this coil are made of copper. This Cu-AI 
combination is typical of these aluminum-winding rotors. The joint between the Al and 
the Cu portion of the windings is a challenging area in the manufacturing of these coils. 
Using rivets has been a preferred method, and past experience indicates problems 
with these types of joints. 
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Fig. 9.53 The same rotor shown in Figure 9.51. The photo shows a copper-aluminum 
joint already made, next to an aluminum-aluminum weld ready to be made. 


are of the unconsolidated type. In these types of designs, the conductors are rather free 
to slide against the slot liner during thermally induced contraction and elongation. In 
these designs, a rare type of failure occurs when a ratcheting effect between coil and 
liner “pushes” the liner toward one side of the forging. The consequence of this migra¬ 
tion toward one end of the rotor can eventually result in a lack of creepage distance be¬ 
tween conductors and forging. In same designs, about 10 to 20 centimeters of the liner 
in the center of the machine is glued to the slot to keep it from shifting toward one side. 
In consolidated coils, the slot liner is completely bonded and cured with the rest of the 
coil during manufacturing, making it an integral part of the coil. The liner is designed 
to elongate with the copper turns without damage. In this type of design, there is no in¬ 
dependent migration of the liner toward one side, unless the entire coil does it. These 
coils have designed into them features that allow them to contract and elongate along 
the slot, with remaining pinned down at the center of the slot. Figure 9.54 shows a mi¬ 
grated slot liner. 

As with any other component of the coil in the slot area, inspection with the naked 
eye is extremely difficult unless at least one retaining ring and the slot wedges are re¬ 
moved. A poor alternative is to look with mirrors or, better still, with a borescope, un¬ 
der the retaining ring, looking for unusual protrusion of the slot liner toward one end of 
the unit. In a few cases, a tear in the liner can be found by visual inspection after, at 
least, wedges are removed and part of the coil lifted, but mostly when significant coil 
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SLOT-LINER 
MIGRATED 
TOWARDS 
THE READER 


Fig. 9.54 The figure shows a number of coils (the bottom turn can be seen) as they 
leave the slot. The slot liner in one of the coils (coil #1) has migrated about 2 to 3 cen¬ 
timeters toward the reader. 


disassembly has been carried out for whatever reason, or because a ground occurred 
during operation. Obviously, a megger test or, certainly, a hi-pot test will uncover a 
damaged liner. 

Figures 9.55 to 9.59 show different cases of slot-liner failure or degradation. Each 
one of these cases was caused by a different failure mechanism. 

9.12.2 Turn Insulation 

Insulation strips are included between the conductors. These strips form the turn insu¬ 
lation. Turn insulation can be made of Nomex, resin-impregnated glass fiber, or simi¬ 
lar material. It is rather thin, usually about 10 mils (1/4 mm) or so. From the point of 
view of providing adequate electrical insulation, one must keep in mind that the inter- 
turn voltage during normal operating conditions is about 1 to 3 volts for most ma¬ 
chines, and about 10 times that for the most intense transient condition; thus, a few 
mils will suffice. As with the slot liner, usually the failure of the turn insulation in the 
slot region is caused by similar mechanisms as those causing slot-liner damage: abra¬ 
sion, tearing, and overheating. In unconsolidated coils with two copper conductors per 
turn, copper dusting can be a major source of turn insulation distress in units subject to 
significant turning-gear operation. Double-shifting or many start-stop operations also 
result in significant mechanical stress to the turn insulation due to many cycles of elon- 
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Fig. 9.55 Slot liner torn by elongation and contraction of the coll and high friction 
forces between the coil and the liner. 


gation and contraction of the coils. As with any other component inside the slot, only 
partial or total disassembly of the coil allows visual inspection of the intertum insula¬ 
tion. Megger tests, hi-pot tests, and RSO tests, as well as other tests, can uncover dam¬ 
aged intertum insulation without disassembly (see Chapter 11 for details). Figure 9.59 
shows a strip of intertum insulation damaged by a shorted turn. Figure 9.60 shows a 
strip of overheated intertum insulation. 



Fig. 9.56 Damage to a slot liner due to extensive abrasion and heating. 
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Fig. 9.58 Slot liner with embedded copper particles. This situation is prone to leading 
to a ground fault. (See color insert.) 
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Fig. 9.59 Heavily blackened slot liner in a hydrogen-cooled, two-pole generator. The 
overheating of the insulation occurred in close proximity to a shorted turn. 



Fig. 9.60 The figure shows the components of a coil lifted from the slot. The coil was 
subjected to overheating due to partial blockage of the rotor cooling vents. 
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9.12.3 Creepage Block and Top Channel 

Figure 9.1 shows, among other insulation components, the creepage block (or creep- 
age strip) of insulation, that goes between the last turn and the wedge. In some de¬ 
signs, between the last turn and the creepage strip there is a C-shaped strip of hard in¬ 
sulation called the “top channel.” These components are the top-most insulation in the 
slot. The creepage block (so-called because its dimensions provide creepage electrical 
clearance between top turn and forging) also serves as the top “slip plane” between 
coil and wedges, that is, as the coil elongates and contracts it slides across the creepage 
strip. Therefore, when for some reason or another the sliding becomes too harsh, 
creepage strips may tear or break, weakening the insulation and coil support systems in 
that slot. Figure 9.60 presents a view of both the top channel and the intertum insula¬ 
tion strip. Figure 9.61 shows the top channel and the creepage block. Figure 9.62 de¬ 
picts a cracked top channel. 

As already stated, there are a number of failure and degradation mechanisms hap¬ 
pening in the slot area of the rotor winding. However, direct visual examination of 
this region of the machine is almost impossible. The most that can be achieved with¬ 
out having to remove at least a retaining ring and some or all wedges in a slot is 
to “peek” through the radial vents (if available), or to slip a borescope under the re- 



Fiq. 9.61 This photograph shows the rotor of a two-pole, hydrogen-cooled generator 
with an output of about 200 MVA. Shown in the figure is a slot with the wedges re¬ 
moved and a section of the creepage strip also removed. The top conductor’s cooling 
“slits” can be seen through the top insulation channel. 
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Fig. 9.62 Top insulation channel shows cracks (inside the marked area) due to me¬ 
chanical strain. 


taining rings. Experience shows that borescopic examination is not as simple as it 
may appear. Simple components may be difficult to identify properly via the distort¬ 
ed and narrow view of the borescope. Certainly, faults and degradation are not easi¬ 
ly identifiable. Many things shine in the borescope’s light, and even a small speck of 
dust or shred of insulation or varnish may appear like a major problem. Only experi¬ 
ence with this type of examination and a good understanding of the geometry and 
physics of the rotor will facilitate making sense of those things seen through the 
borescope. 

Going back to the slot area, the borescope will allow some view of the coils coming 
out the forging and, in rotors with a subslot, the inspector may be able to “sneak” the 
borescope inside the subslot and obtain a partial view of the bottom turn (see Fig. 
9.63). All said, the condition of the winding in the slot area is mainly ascertained 
through electrical testing and removal of at least one retaining ring and wedge, and 
partial lifting of turns. Because of this, close inspection of the slot area is done mainly 
when, for whatever reason, a retaining ring is removed, or because test results, a fail¬ 
ure, or some concrete information about a deteriorating condition requires it. For ex¬ 
ample, Figure 9.64 shows a shorted turn found with the aid of an airgap flux probe. 
Troubleshooting this type of short, deep inside the slot area, requires a significant 
amount of rotor disassembly. Normally, this repair would not be attempted for a single 
shorted turn, but as part of a larger troubleshooting effort (e.g., removal of a number of 
shorts). 
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Fig. 9.63 View of the subslot (bottom turn shown at bottom of figure) through a 
borescope inserted under the retaining ring. 


9.12.4 C-Channel Subslot 

In the right panel of Figure 9.1, the slot is shown with a subslot, and the conductors 
resting on a shoulder of the slot; the subslot is machined out of the forging as a contin¬ 
uation of the slot but with a smaller width. This arrangement provides for strong sup¬ 
port of the coil above the subslot. On the other hand, in some small rotors, the bottom 
conductor rests above a C-shaped insulation channel, forming a subslot for providing 
room for axial flow of cooling air. Figure 9.65 schematically shows such an arrange¬ 
ment. Figure 9.66 shows a real example. 

Experience has shown that over time the C-shaped insulation channel may deterio¬ 
rate or otherwise tear apart, blocking the passage of air through the subslot, with subse¬ 
quent detrimental thermal effects, but also weakening the coil support. Figure 9.67 
shows this type of damage. 


9.13 END WINDINGS AND MAIN LEADS 

The rotor end windings in a turbo-generator are subject to intense centrifugal forces, as 
well as forces deriving from the cyclic changes in temperature. The end rings (retain¬ 
ing rings) contain the radial displacement of the copper end windings and the support- 
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Exciter End 


Fig. 9.64 Shorted turn found inside the slot. The bottom-right photo shows the dam¬ 
aged turn insulation. The bottom-left sketch shows the location of the fault. (Courtesy 
of Alstom Power Inc.) 



Fig. 9.65 Schematic representation of a rotor coil resting on top of a C-channel made 
of hard insulation material. 
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Fig. 9.66 The slot in the center of the photo clearly shows the C-channel made of In¬ 
sulation resting inside the slot liner in the bottom of the slot. The bottom slot shows the 
copper conductors resting on top of the C-channel forming a subslot for the axial flow 
of cooling air. 



Fig. 9.67 The C-channel made of hard Insulating material shown Inside the slot of the 
previous figure can now be seen after it was lifted from the slot. The bottom of this 
channel came apart from the rest of the channel, blocking the passage of cooling air. 
Similar damage was found in other slots of this rotor. 
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ing blocks. However, a well-designed rotor allows for relatively free movement of the 
entire winding in the axial direction. It is important that regardless of the axial move¬ 
ment of the whole end winding, the distances between the individual coils underneath 
the end rings are maintained. The distances between individual coils are maintained by 
the introduction of preformed insulating blocks. Figures 9.68, 9.69, and 9.70 show dif¬ 
ferent views of end windings of two-pole cylindrical rotors. The reader can refer to the 
chapter on design and construction for a more elaborated discussion of these compo¬ 
nents and their designed function. 

9.13.1 Retaining Ring Liners 

Between the retaining ring and the rest of the end winding, a wrap of insulation is in¬ 
cluded. The purpose of this wrap is to insulate between the electrified rotor field and 
the retaining ring at ground level. This wrap of insulation may, depending on the OEM 
and machine design, be solid insulation in the form of cylinder, or of a number of 
Nomex or Nomex-like insulation layers, or of a combination of layers of Nomex, Kap- 
ton, and/or similar insulating components. GIO epoxy-glass is also widely used, often 
in conjunction with Nomex. In almost all arrangements, the Nomex liner must be re¬ 
placed each time the retaining ring is removed and before it is reinstalled, and, in some 
designs, where the liner is actually a solid-insulation cylinder, the liner can be reused if 



Fig. 9.68 Front view of the end winding of a fwo-pole cylindrical rofor having the re¬ 
taining ring removed. This rotor has seven coils per pole. Some blocking can be seen 
between the coils. This rotor is in the final stages of a rewind operation. 














it was not damaged during the removal of the retaining ring. In some designs, the liner 
Fig. 9.69 The same rotor shown in the previous figure, but before the “old” winding 
has been stripped away. The angle of the photo shows the point of transition from one 
coil to another (top-left of the end winding). 



G.EM. RflIlpR::} 


Fig. 9.70 Top view of an older and lower-rated two-pole rotor compared to the one 
shown in the previous figure. The blocking between coils has been removed. As seen 
In the photo, there are also seven coils per pole In this example. This field winding has 
been in operation for many years, (from Kerszenbaum, Inspection of Large Synchro¬ 
nous Machines, 1996, IEEE Press, reprinted with permission.) 
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is directly in contact with the retaining ring, and in others, the liner is under the damper 
winding (amortisseur). In Figures 2.46 and 9.47, the retaining-ring liner can be seen 
under the amortisseur. In Figures 9.71, the liner is under a set of plates that entirely 
wrap it. 

Inspection of the liner, after it is removed from under the retaining ring, might pro¬ 
vide a clue about the behavior of the rotor winding during operation. For instance, if a 
rotor turn gets “caught” by the retaining-ring liner, it will leave a mark. When there is 
no distortion damage, the markings left by the coils on the liner will show a smooth 
“picture” of the coils. Figure 9.72 clearly shows this situation. 

Figures 9.73, 9.74, and 9.75 show two examples of failure of the retaining-ring lin¬ 
er, resulting in a ground fault from the energized field winding through the liner’s in¬ 
sulation. 

9.13.2 End Turns and Blocking 

However well designed, the end windings of turbo-generators tend to deform. The de¬ 
gree depends on the machine’s operating age, the type of loading (cyclic or continu¬ 
ous), any abnormal operating conditions encountered (short circuits, power swings, 
etc.), and the actual physical design of the coils. If the distortion is excessive (i.e., the 



Titanium 

segment 


Liner overheated 
during removal of 
the retaining-ring 


Fig. 9.71 This rotor had its retaining ring removed. Under the retaining ring there are a 
number of copper or titanium-alloy segments that entirely cover the liner. In the out¬ 
side of these segments rest toothed short segments that make up the amortisseur. In 
this design then, the liner is on top of the end winding but not in direct contact with the 
retaining ring. 
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Fig. 9.72 The coils of the end winding of a turbo-generator rotor left on the retaining- 
ring liner. The image shows that here was no excessive friction between the coils and 
the liner. 
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Fig. 9.74 Damage to the retaining ring from the fault described in Figure 9.73. 



Fig. 9.75 The figure shows how a ground fault bridged between one of the coils (bot¬ 
tom left) through a Nomex layer of the liner (top left) and a Kapton layer of the liner (top 
right) and to the titanium-alloy plate under the retaining ring. The metallic layer over the 
liner and under the retaining ring protects the latter from ground faults. See Figure 9.71 
for an overview of the end winding in this machine. 
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individual turns are not aligned in each coil), then they will become prone to develop¬ 
ing shorted-tum faults. This type of fault is more likely to occur in dc fields in which 
the individual turns in the end-winding section are not fully insulated but are protected 
only by a single layer of insulation between the turns. Excessive deformation can also 
result in cracks or breaks in the conductors, in particular in those coils having a sharp 
90-degree angle in each comer. Figure 4.22 in Chapter 4 is a prime example of a de¬ 
formed end-winding conductor resulting in shorted turns. This example indeed pre¬ 
sents a very large winding distortion, but it is not a unique or rare event. Figure 9.76 
shows another case of an end winding deformed by cyclic load changes and copper 
ratcheting. A similar situation happened in the case of Figure 9.77. 

There are many other types of deformations that may afflict an end winding. For ex¬ 
ample, Figures 9.78, 9.79, and 9.80 show turn deformation due to a combination of 
thermally induced expansion and contraction forces, and the reaction forces from the 
blocking and the liner. 

Every rotor with some accumulated operational time will exhibit some deformation 
of its rotor winding to some degree. In most cases, the deformations are small and do 
not introduce any impediment to the normal expansion and contraction of the coils 



Fig. 9.76 Potentially undesirable consequences of insufficient blocking while a rotor 
is undergoing cyclic loading. It is important to carefully inspect the alignment of coils 
and single turns in the end winding during rotor inspections. This condition can easily 
be detected using a mirror and flashlight under the retaining ring. 
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Fig. 9.77 The figure shows a square-corner coil with the upper turns distorted due to 
poor blocking. The top turn made contact with the top turn of the neighboring coil. 



Fig. 9.78 Deformation of the top turn due to circumferential thermal expansion and 
rigid blocking that does not allow any expansion. The turn then bends outward and 
into the retaining-ring liner. 
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Fig. 9.79 The figure shows a complete coil lifted from the slot, with the top copper 
strip warped. 



Fig. 9.80 The figure shows a rotor in which each turn is made of two bars side by side 
inside the slot area, and separated by about 1 inch in the end winding. The area 
marked with the dotted line shows top turns deformed by crushing forces. 
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along their designed slip planes. In other cases, a section of the winding becomes so 
warped that it creates ratcheting against the retaining-ring liner or slot liner, or causes 
shorted turns or shorts between two contiguous coils. Figures 9.81, 9.82, and 9.83 
show major turn migration in the end-winding region. The photos were taken during a 
borescopic examination. 

Migration of turns in the end winding in most large units will result in shorted turns, 
because these types of units do not have, for the most, every second turn insulated. 
Figures 9.84 and 9.85 show two cases of migration and disintegration of the intertum 
insulation. Obviously, a situation like this requires serious evaluation for repair and re¬ 
furbishment. 

9.13.3 Shorted Turns 

Experience shows that one of the modes of operation most detrimental to the integrity 
of the field winding in turbogenerators is prolonged low-speed rotation of the rotor 
(“on turning gear”). This operation is designed to eliminate the permanent bending of 
the shaft that would otherwise occur if the machine were allowed to cool down stand¬ 
ing still when coming offline. However, the low-speed rotation results in continuous 
pounding of the windings due to their own weight, in particular the end-winding re¬ 
gions of the field winding. This continuous pounding is exacerbated if the clearances 
between the winding and the insulation are excessive. The result of this continuous 
pounding is the creation of copper dust that may result in short-circuiting turns of the 



Fig. 9.81 Borescopic view of a coil with its turns properly aligned in an air-cooled, 
two-pole rotor. Compare this view with the one in next figure. 
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Fig. 9.82 Same rotor as the one in the previous figure, but a different rotor coil, also 
viewed via a borescope. Note the drastic misalignment of some of the turns. Interest¬ 
ingly, this major migration did not result in shorted turns due to the fact each second 
turn is insulated in the end-winding region. 



Fig. 9.83 Same rotor as in the previous figure. This photo taken through a borescope 
is from a third coil showing major turn migration in the end winding. 




602 


ROTOR INSPECTION 



Fig. 9.84 Interturn insulation migration in a large two-pole, hydrogen-cooled rotor. 
Axial cooling vents can be seen in the conductors. Continuing migration of the inter¬ 
turn insulation is conducive to shorted turns. 



Fig. 9.85 The marked areas show interturn insulation migration and disintegration. 
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winding or even provide a path to ground in the slot region of the winding. Some de¬ 
signs are more prone than others to the development of copper dusting. This issue is 
discussed in depth in other sections of this book (refer to the Index). Figures 9.1 and 
9.2 in this chapter schematically show conductor arrangements that are prone to devel¬ 
op copper dusting under long turning-gear operation. The key determinant is the exis¬ 
tence of two or more conductors per turn. The movement of the copper on copper after 
substantial periods of turning-gear operation will result in copper dusting if the coils 
are relatively loose. Obviously, generators with these types of rotor designs and oper¬ 
ating under double-shifting conditions, or with long periods on the turning gear, should 
be inspected carefully for this type of phenomenon. 

Relatively new coil designs (preformed and cured outside the slot) are supposed to 
be very resistant to the formation of copper dusting. Coils fabricated in this way are 
called “consolidated.” 

9.13.4 Top-Tooth Cracking 

In certain designs and under certain operating conditions, the top turns of the field¬ 
winding tend to crack and eventually break in the region just outside the slot. This type 
of failure can result in excessive damage to the rotor because of major ground faults 
developing as a result of the broken conductors. This area of the windings should be 
carefully inspected when the retaining rings are removed for any other reason, in par¬ 
ticular if the operator is aware that the machine in question belongs to the family of 
machines that have experienced these types of problems. Rotors with spindle-mounted 
retaining rings are prone to develop top-turn cracking. Figure 9.86 provides an elemen¬ 
tary view of this phenomenon. There are a number of possible fixes to this problem. 
One such solution is to replace the top turn with one made of a nonconducting harder 
alloy (in fact, this removes one active turn from the winding, but this is not a problem, 
given the margin encountered in excitation systems). There are no large turbo-genera¬ 
tors being manufactured these days with spindle-mounted retaining rings. Body 
mounting of retaining rings is the preferred method. 

9.13.5 dc Main Leads 

The weakest point on the copper main dc leads connecting the collector rings to the 
end windings appears to be at the elbow of the lead, where it emerges from the shaft 
and rises to connect to the coils (Fig. 9.87). To accommodate the axial movement of 
the end winding as it warms or cools down, sections of this lead are often made of 
many thin copper sheets braced together, with solid conductors at both ends. The most 
common main lead configuration is one that is solid for most of its length and is 
“leaved” at the ends to allow installation over the radial studs (Fig. 9.88). If the lead 
end connection to the radial stud were not flexible, it would be impossible to slip the 
connection end over the radial stud. Continuous vibrations of the unit as well as load- 
cyclic operation will weaken these copper sheets, especially at any bends. These can 
crack and, in some extreme cases, result in open circuit of the field under operation. 
Thus, it is important to inspect these leads when the rotor is out of the bore for a major 
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Fig. 9.86 In rotors with spindle-mounted retaining rings, the movement of the ring 
due to vibrations, frequent starts-stops, and sudden changes of load tend to flex the 
rotor in such a way that the top turns are stressed, in some cases resulting in cracked 
or broken conductors, and even ground faults. This area should be inspected carefully 
when the retaining rings come off. A number of solutions have been implemented by 
the OEMs. 


overhaul/inspection of the unit. With the retaining rings on, direct visual accessibility 
is nonexistent. On occasion, a mirror may allow a peek at that area. A borescope will 
almost always allow inspection of the area. It is common during major overhauls to re¬ 
move the wedges retaining those leads (partially under the retaining ring) to inspect the 
leads more carefully. Figure 9.89 shows a main lead slot opened for inspection by re¬ 
moval of the main lead wedges (Figure 9.90). 

Many large turbo-generators use main leads made of thin sheets of copper, as ex¬ 
plained above, to provide flexibility to the lead. Although this arrangement is still 
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Fig. 9.87 Main lead connecting the radial terminal studs from the bore of the shaft to 
the end winding under the end bells. In the figure, A is the rotor forging, B is the retain¬ 
ing ring, C is the end winding, D represents the vertical studs and the horizontal solid 
copper bars carrying the dc field current from the collectors to the field winding, and E 
represents the copper main lead connecting the inner radial stud to the end winding. 
The 90-degree bend of the main lead is generally prone to cracking that may, in ex¬ 
treme cases, result in open field circuits. This is an area that should be inspected care¬ 
fully when the rotor is out of the bore. The inspection can be combined with the in¬ 
spection of the inner hydrogen seal, if one exists. 



Fig. 9.88 This photo shows a new main lead of a combined solid and flexible config¬ 
uration prior to installation of a rotor winding, during a rewind operation. 
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Fig. 9.89 This photo shows a main lead as viewed under the retaining ring, with the 
main lead wedges and top insulation strip removed. This method of inspection is re¬ 
strictive, but is the best that can be done without major dismantling. It is sufficient to 
find main lead cracks in the 90 degree bend where most main leads fail. 


prone to long-term failure, one should be much more concerned if the generator has a 
solid copper lead. Figure 9.91 shows such a lead and the crack found on it. A lead 
made of several sheets will crack and degrade slowly over many hours of operation. 
However, in a solid lead, like the one in Figure 9.91, a crack can quickly grow and lead 
to failure. If troubleshooting is required, one may want to consider replacing the solid 
lead with a flexible one, if the rest of the arrangement of the end winding accommo¬ 
dates this change. 



Fig. 9.90 This photo shows a main lead wedge removed from the main lead slot dur¬ 
ing an overhaul. These are generally NDE inspected for damage. 
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Fig. 9.91 Solid main lead of a rotor field winding of a two-pole turbo-generator. The 
lead is shown outside its slot, and a serious crack can be seen in the elbow area. 


As well as damage to the main leads, the main lead wedges are also subject to high 
dynamic loading, fretting, and vibration. These have been known to crack and need to 
be inspected by NDE, usually dye-penetrant examination (Fig. 9.92). 

9.13.6 Coil and Pole Connections 

Connections between coils in the same pole and between coils in different poles tend 
to be stressed by centrifugal and thermally induced forces, and well as by lateral and 
torsional vibrations. Special care is normally taken during the design process to make 
these connections able to withstand the rigorous environment they operate in, for the 
expected life of the rotor winding. Nevertheless, careful inspection of these zones is 
highly recommended when access is available. Figures 9.93-9.97 present different 
cases of failures of the joints between coils and/or poles. 

In summary, inspection of the end windings is not simple. They are quite inaccessi¬ 
ble. They are confined between the retaining rings, shaft, and rotor body. For the most 
part, insulation blocks surround them. However difficult, a good and patient effort will 
most likely yield enough information on the condition of the winding to determine 
whether the machine requires additional inspections or if it is fit for operation. The 
most useful tools are the mirror and the borescope. Check for alignment of the coils as 
well as turns within the individual coils. Check for loose blocking (Fig. 9.98) and 
cracked turns. In particular, try to concentrate on the top turns close to the slot. Also, 
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Fig. 9.92 This main lead wedge was removed from a 575 MW, two-pole generator, 
and found to be severely cracked. NDE was not needed to find this degree of cracking. 


pay attention to the condition of the leads at their elbows. Look for dislocated, bent, 
cracked, or otherwise damaged blocking (Figs. 9.99, 9.100, and 9.101 show various 
examples of end-winding blocks being distorted, broken, or both. 

Look for excessive copper dust. If this is present, the inspector may recommend an 
electric test to check for the presence of shorted turns in the field. Chapter 11 on main¬ 
tenance testing sheds some light on available methods for detecting shorted turns. If 



Fig. 9.93 Photo of a burned out pole-to-pole connector of a two-pole, hydrogen- 
cooled cylindrical rotor. 
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Pole Connector Cracking 


Fig. 9.94 Cracking of the flexible leads of pole connectors. 


Fig. 9.95 Arcing of the joints between coil crossover connectors. The arcing is the re¬ 
sult of high stresses on the braze joints and separation that had been initiated. 
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Fig. 9.96 Massive failure of a joint between coils led to significant melting of conduc¬ 
tor copper. 



BROKEN/CRACKED 
LEAVES OF A POLE 
CONNECTOR 


THESE TWO COPPER LEAVES 
HAVE COMPLETELY 
SEPARATED FROM THE REST 


Fig. 9.97 View through the borescope of a pole joint. Some of the sheets in the joint 
are seen to be cracked. This interesting design is based on a double-joint arrange¬ 
ment, so loosing one joint due to cracking of the copper sheets still leaves another to 
carry the dc current. 
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Fig. 9.98 Loose insulating blocking of the end winding of an air-cooled gas-turbine 
generator. The blocking skidded from its position between the coils under the retaining 
ring, and it is seen resting on the shaft. The loose blocking made itself known by a 
repetitive sound during turning-gear operation. (From Kerszenbaum, Inspection of 
Large Synchronous Machines, 1996, IEEE Press, reprinted with permission.) 



Fig. 9.99 A number of coils in this 3600 rpm, hydrogen-cooler, 180 MW rotor experi¬ 
enced severe coil migration by ratcheting on the retaining-ring liner. The very large 
forces acting on the coils due to ratcheting can be seen in the broken and bent block¬ 
ing. 
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Fig. 9.100 Photo an end-winding block with a large crack. Depending on location, 
this can be epoxied back to one piece or may require replacement. 



Fig. 9.101 A piece of gas baffle was broken away in this 3600 rpm, hydrogen-cooled 
rotor. Discovery of this situation requires the inspector to look for the lost piece and 
evaluate the possibility of it being lodged in one of rotor’s cooling passages. 



9.14 COLLECTOR RINGS 




deemed necessary, close inspection of the leads might require the removal of the lead 
wedges, as explained above. This entails some additional disassembly. 

When excessive copper dust is encountered, removal may be tried by blowing, or 
sometimes by washing with steam or liquids. Although the practice of using liquids or 
steam in turbo rotors exists, some experts are wary of applying it. The same, to a lesser 
degree, applies to dry blowing. Some experts believe that these procedures result in 
carrying the dust back into the slot region, where it could end up causing more damage 
than before. An alternative—vacuuming—may not remove all of the copper dust, but 
it will probably minimize the risk of contamination of other vital areas. 


COLLECTOR RINGS 


The brush ring and the collectors or slip rings are probably where most of the wear and 
tear on a synchronous generator occurs (Fig. 9.102). Although simple in construction 
and appearance, the physics of the transfer of electric current at the brush-collector 
contact surface is rather complex. Under some conditions, the brushes and the collec- 


Fig. 9.102 One collector ring (slip ring) of a large turbo-generator. There are two col¬ 
lectors like this one in the generator, one for each polarity. The width of the ring indi¬ 
cates that it belongs to a unit of relatively high rating. The helical groove and vent holes 
are for reduction of air pressure under the brushes so that they are held firmly in con¬ 
tact with the collector surface for cooling purposes and for moving carbon deposits 
away from the ring. (From Kerszenbaum, Inspection of Large Synchronous Machines, 
1996, IEEE Press, reprinted with permission.) 
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tor wear very little over many hours of operation, whereas under other environmental 
conditions, the same brushes and/or collector may wear overnight. The conditions that 
affect brush-collector performance are as follows: 

• Level of humidity 

• Contamination (gases, solids, or liquids, particularly carbon and/or metal dust) 

• Current density 

• Ambient temperature (too low or too high) and cooling of the collector and 
brushes 

• Change of brush grade, use of wrong grade or multiple grades 

• Altitude (barometric pressure) 

• Unevenness of collector surface 

• Run-out of the collector surface 

• Brush pressure 

• Brush angle to the collector surface 

• Brush contact surface requires “bedding” to the collector ring 

• Correct clearance of the brush inside brush holder 

• Insulation condition at bottom of collectors 

• Poor shunt connections 

In addition to these elements that directly affect the operation of the brushes, there 
are other ways in which the performance of the brush collector is influenced. For in¬ 
stance, a solid-state source of field current with poor commutation characteristics (i.e., 
severe harmonic content) results in accelerated wear of the brushes. Similar problems 
might arise from poor commutation in rotating exciters. Machine vibration also affects 
the performance of the brushes. Although vibration levels in electric machinery are 
kept within limits due to other considerations, it is convenient to remember that elevat¬ 
ed vibration levels will tend to have a detrimental effect on the operation of the brush¬ 
es. Existing literature on the subject states that vibration levels higher than about 1.5 
mils peak-to-peak displacement for 3600 rpm machines and 2.5 mils for 1800 rpm 
units will tend to have a negative effect on the operation of the brushes. 

Another cause of bad brush-collector performance is axial misalignment of the 
brushes against the collector. This misalignment can arise from a combination of ther¬ 
mal expansion of the rotor, rotor axial movement off its magnetic center during opera¬ 
tion, and wrong initial positioning of the brushes. To avoid this situation, proper axial 
positioning of the brushes against the collector rings should be visually corroborated 
when the machine is both cold (after start-up) and hot (after several hours of operation 
at full load). 

Good or bad performance of the brushes depends on the condition of the contact 
film (called the patina). This film is made of carbon and copper and/or metal-oxide 
particles, elements present in the surrounding atmosphere, and water vapor. The film is 
primarily dependent on the collector metal being vaporized by the flow of electricity. 
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then oxidized and combined with water. This conducting film lubricates the collector, 
permitting the brushes to slide with a minimum of wear. However, the integrity of the 
fdm is very fragile. Thus, the conditions required for a good film should be maintained 
as much as possible. Very low temperatures, contaminants, and other parameters de¬ 
tailed previously are likely to affect the condition of the film. Attention should be paid 
to substantial changes of any one of these conditions, and their possible effect on the 
performance of the film, should be evaluated. 

Given the volatility of the brushes’ performance, in particular for machines in 
which the brushes and collectors are exposed to the environment, a cursory inspection 
should be made every day the machine is running. More detailed inspections should be 
carried out in weekly or biweekly periods, or in particular when the machine is stand¬ 
ing still or on turning gear. 

Close attention should be paid to the condition of the brush rigging and collectors 
during a major overhaul inspection. At this time, evaluation of the collector’s condi¬ 
tion will indicate if “turning” or “polishing” of the collector’s surfaces is required (see 
Figs. 9.103 and 9.104 showing collector-ring polishing in situ). Also, attention should 
be given to any action that may be required to improve the insulation of the collectors, 
or to replace the collectors due to insufficient thickness or insufficient groove depth 
(for collectors with cooling grooves), or if rotation of the polarities is indicated. It is 
normal for brushes to wear faster on the positive collector ring and slower on the nega- 



Fig. 9.103 Polishing the collector or slip rings of a 1250 MVA four-pole generator ro¬ 
tor. A grinding stone is used in situ while the rotor is on turning gear, to achieve the de¬ 
sired surface. 
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Fig. 9.104 A different arrangement than previous figure for polishing a slip ring. In ad¬ 
dition to the sandpaper, there is a vacuum hose to remove particles during the polish¬ 
ing activity. (See color insert.) 


tive ring. This property is used to defer the replacement of the slip rings by changing 
polarities periodically (e.g., during major overhauls). 

This polarity dependence is more accentuated in synchronous condensers of the 
salient pole variety, where the collectors are also located (in many cases) within the 
hydrogen medium. Therefore, changing polarities is very common in these types of 
machines. (Very few cylindrical rotor generators are used as condensers; those used 
are very often generators used as condensers after the prime mover is decommissioned 
and replaced with a pony motor for starting up the unit.) 

In some designs of large turbo-generators, the resulting savings from the collectors 
may not justify the expense incurred in changing polarities. When polishing the collec¬ 
tors, enough thickness of metal must be maintained to avoid disintegration by the cen¬ 
trifugal forces encountered during operation. The minimum thickness depends on such 
parameters as type of metal, diameter of the ring, speed of the machine, and calculated 
surface temperature. We are not aware of a published formula applicable to every type 
of machine design. The customary and proper action is to obtain data from the machine 
manufacturer regarding minimum recommended thickness, as well as minimum recom¬ 
mended depth of grooves (if called for in the design). When polishing or “turning” the 
rings, it is important that the finished surfaces do not exceed the recommended run-out 
limit of 1 to 2 mils for 3600 rpm machines. Although higher runouts may be acceptable 
for lower-speed machines, it is recommended to remain within the 2 mils limit. 
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During extended periods in which the machine is inoperative, the brushes should be 
lifted from the slip rings and the slip-rings should be protected from humidity or other 
contamination. The same protection is necessary when the rotor is removed from the 
machine during large overhauls. In any case, the condition of the collector surfaces 
should be checked before returning the machine to operation. 

During overhauls, the condition of the brush-pressure springs should be evaluated. 
Discoloration of the springs can be a sign of overheating. Overheating deteriorates the 
performance of the spring. Normal brush pressures are in the range of 1.75 to 2.25 psi 
of brush cross-sectional area. These, like any other values given in this book, are for 
reference purposes only: actual values should be obtained from the brush manufacturer 
based on the grade of the brushes, the speed of the machine, current densities, and so 
on. For machines in which overhauls occur at long intervals (5, 6, 7, or more years), 
the cost of replacing the brush springs could be more than compensated for by the con¬ 
sequent savings in brush and collector material. The constant-force type of spring is 
preferable. 

The dependence on so many factors often means that the search for reasons for bad 
brush performance may prove to be extremely elusive. The combinations are too nu¬ 
merous to be described here. However, over the years, manufacturers of brushes have 
developed graphs and procedures as aids to solve problems in a step-by-step approach. 

Figures 9.105, 9.106, and 9.107 show the slip-ring assembly in various stages of as¬ 
sembly on the rotor of a two-pole, 60 Hz, 180 MVA unit. 



Fig. 9.105 Slip-ring assembly on a 180 MVA, two-pole, 60 Hz rotor. It can be seen 
that each polarity Is made of two rings. Each polarity’s connection to the solid copper 
riser is made in the gap between the same polarity rings (see next figure). 
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Fig. 9.106 Slip-ring assembly of the previous figure being installed. In the photo, the 
insulation under the ring is clearly marked by the arrows. The large hole between the 
rings of the inner pair of rings is where the connection to the solid copper radial lead is 
made. A similar hole and connection exists on the other pair of rings, 180 degrees 
away from the viewer. 


Fig. 9.107 The pair of rings for same polarity of the previous photo now shown with 
the connection made to the radial stud. A final brazing of the nut ensures perfect con¬ 
tact, so that it will not come loose during operation. 
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9.15 COLLECTOR RING INSULATION 

The collectors (slip rings) are mounted on a layer of insulation material. This insula¬ 
tion is subject to contamination by oil, water, carbon dust, copper, iron and other metal 
particles, as well as other chemicals. If those contaminants are not periodically re¬ 
moved, insulation breakdown may occur. This can show up as a grounded field or, 
worse, may result in a severe short circuit of the dc field current. Figures 9.108 and 
9.109 show two instances in which substantial sections of shaft have been “eaten 
away” by a severe dc ground fault at that location, combined with another short in the 
brush-gear area. The main reason why the areas under the collector ring shown in the 
figures suffered such extensive damage was accumulation of carbon dust compromis¬ 
ing the insulation under the collectors. 

Any severe short circuit at the area of the collector rings is to be avoided at all costs. 
The resulting damage to the shaft in this particular area can be such that its future use 
may be compromised. The reason for this is that the area in question is intrinsically 
weak due to the presence of the vertical holes for the vertical studs that serve to estab¬ 
lish the electrical connection between the collectors and the horizontal copper bars 
running inside the bore of the shaft leading to the end winding. Figure 9.110 clearly 
demonstrates the weakness of this region of the shaft, though the catastrophic failure 



Fig. 9.108 Major dc current short circuit to ground under the collector ring. Faults of 
this severity have the potential to result in scrapping the entire rotor. 
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Fig. 9.109 Another severe dc current short circuit under the slip rings, resulting in 
major damage to the shaft. 



Fig. 9.110 The shaft of this two-pole generator sheared where the vertical holes for 
the dc current-carrying studs are located. The failure was due to an overspeed condi¬ 
tion. The photo affords a rare view of the bore copper bars and the vertical studs. 
Parts of the insulation can be readily seen. 
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of this unit was due to an overspeeding condition and not to a short-circuiting of the dc 
field system. Figure 9.111 shows the same area of a shaft without damage. 

During major inspections, it is important to spend time assessing the integrity of 
this insulation. Figures 9.112 and 9.113 show photos of collector rings being removed 
for replacement of the solid cylindrical insulation placed between ring and shaft. 


9.16 BORE COPPER AND RADIAL (VERTICAL) TERMINAL 
STUD CONNECTORS 

In the previous section, the vertical (radial) copper studs were mentioned several 
times. Also, the solid copper bars running inside the bore of the shaft from the outer to 
the inner radial studs were mentioned. Figure 9.110 shows the end of the bore-bars in 
situ (albeit due to an unfortunate event). Figure 9.114 shows a bore copper conductor 
outside the bore. Figure 9.115 shows the bore bars installed and viewed from the end 
of the shaft. 

Access to these conductors and to the radial studs is only possible after significant 
disassembly of the rotor. During major overhauls, it is not uncommon for the connec¬ 
tion to the studs to be removed for inspection of the hydrogen seals (chevron seals). At 
that time, it is possible to inspect to a certain extent the condition of the copper bars. If 
no unusual field-related events occurred during major inspection periods, it is safe to 
assume that the condition of these conductors is acceptable. The insulation between 



Fig. 9.111 View of a healthy shaft in the vicinity of the vertical hole where the solid 
vertical studs are located. 
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Fig. 9.112 Single-polarity double slip ring on a 180 MVA, two-pole, 60 Hz rotor being 
readied for removal. 



Fig. 9.113 Double slip ring from the previous figure shown removed after heating it. 
The rings are mounted by shrinking them onto the shaft. Removal and installation re¬ 
quires careful heating of the rings until the interference fit is relieved. 
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Fig. 9.114 One of a pair of solid copper bars normally located In the bore of a turbo¬ 
generator rotor. The function of the bar is to carry the dc field current from the collec¬ 
tor rings or diode wheel (for self-excited units) to the end winding. The connections are 
made through the vertical (radial) studs. The bar shows kinks on its surfaces left there 
by the forces and thermal-mechanical stresses encountered during operation. 


the bore bars can only be directly checked by “meggering” each one with the other 
grounded and disconnected from the winding. This can be done if the inner radial studs 
are disconnected for inspection of that area as well as the main flexible lead (discussed 
earlier in this chapter). If an unusual event occurred (e.g., a ground fault of the dc field 
system near or on the brush-gear/collector areas), it would be wise to inspect these 
areas for damage. The determining factors will be the severity of the fault, general con¬ 
dition of the rotor and rotor winding (age, cleanliness, etc.), and the machine’s opera¬ 
tional history. 

Figures 9.116 and 9.117 show the inner and outer connections, respectively, of the 
main lead to the radial stud. As can be seen in Figure 9.116, in the inner case, the 
vertical stud is just underneath the centrifugal fan. In this area, it is possible to open 
the connection without removing the fan. Also seen are the wedges covering the 
main lead. Inspection of this area requires removal of the wedges. This is not an un¬ 
common activity during long overhauls. In some hydrogen-cooled machines with 
double sealing, the inner studs as well as the outer studs have seals to prevent the hy¬ 
drogen from escaping the unit via the bore of the shaft. One of the tests to the rotor 
during a major overhaul includes pressure testing of these seals (see Chapter 11 on 
testing). 
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Fig. 9.115 Good view of the bore conductors that run axially inside the shaft. The in¬ 
sulation between both halves (one of each polarity) is clearly visible between them. 


One of the major concerns during assembly of the radial connectors or studs is that 
they should be installed so that they are properly aligned and that no undue or abnor¬ 
mal stress is put on threaded connections or the stud itself (Fig. 9.118). When these are 
not installed properly, they can fail in a disastrous manner causing missile damage to 
the stator as well as severe dc arcing damage to the rotor forging (Fig. 9.119). 


9.17 BRUSH-SPRING PRESSURE AND GENERAL CONDITION 

As stated in Section 9.14, normal brush pressures are in the range of 1.75 to 2.25 psi of 
brush cross-sectional area. However, actual required values should be obtained from 
the brush manufacturer or the machine’s OEM. The required pressure depends on the 
brush grade, humidity, current density, peripheral speed, and so forth. Once the desired 
pressure is known, it is important to make certain that the springs are providing contin¬ 
uous pressure. Constant-force springs are preferable. Discoloration of the springs may 
indicate a weakened brush and the need for spring replacement. 

The condition of the brush springs, like that of brushes, slip rings, and brush gear, 
must be checked on a regular basis. The overhaul stage should provide the opportunity 
for brush-spring replacements, if necessary, in accord with operational experience 
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Fig. 9.116 View of the connection between the inner radial (vertical) studs and the 
main lead running under the wedges, seen on a two-pole, 60 Hz, 20 MVA generator. 
The arrow points to the connection nut. 



Fig. 9.117 Lead connection, 160 MW unit. 
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and/or vendor advice. In older machines, a long overhaul could include modifying the 
brush rig to switch to constant-pressure spring brush holders, if these components were 
not installed when the machine was originally assembled. Figure 9.120 shows a pair of 
brush holders with the brushes installed and in good condition. The photo in Figure 
9.121 shows a brush contact surface that is damaged and would require resurfacing of 
the brush. The surface shown is not yet at the failure point but indicates there has been 
very poor performance and that there is likely some surface damage on the collector 
rings as well that most likely would require some resurfacing repairs. The condition of 
the brushes generally indicates what the condition of the collector rings is likely to be 
during an inspection. Figure 9.122 shows the catastrophic impact on the brush holders 
from the event shown in Figure 9.123, due to lack of proper brush maintenance and 
general lack of cleaning of the brush-rigging area. 


9.18 BRUSH RIGGING 

The brush rig is insulated from ground. During major inspections, this insulation 
should be examined. A type of contamination similar to that which affects the insula¬ 
tion of the slip rings, discussed in Section 9.15, can be found in the insulation between 



Fig. 9.118 The bore copper and radial connectors of a four-pole rotor, on the bench, 
before installation In the rotor. The components are temporarily assembled outside the 
rotor to check that all parts fit together, and to perform electrical Insulation testing. 
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Fig. 9.119 One of the radial studs of the rotor shown had a screw-thread failure and 
the stud was thrown completely out of the forging. The forging was found severely 
damaged in the bore-hole area upon closer inspection. 


Fig. 9.120 Brush holders with brushes installed and ready for further installation in 
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Fig. 9.121 Damaged brush running surface from poor operation of the collector ring 
surface. 



Fig. 9.122 The brushes on these brush holders were left to completely run out. Even¬ 
tually, the spring behind the brush made contact with the collector’s surface, resulting 
in the catastrophic failure shown in Figure 9.123. 
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Fig. 9.123 View of excitation base (two-pole, -800 MVA unit) destroyed by a major 
short circuit, due to poor maintenance of brushes and lack of general cleanliness of 
brush-rigging area. 


the brush rig and frame. During overhauls it is often necessary to remove the brush -rig 
in order to disassemble the machine. Thus, the integrity of the brush rig and its insula¬ 
tion is easy to evaluate. Figure 9.123 shows a compromised insulation due to accumu¬ 
lation of carbon dust (from the brushes). 


9.19 SHAFT VOLTAGE DISCHARGE (GROUNDING) BRUSHES 

In Chapter 8, the dangers to the integrity of the bearings caused by shaft voltages were 
discussed. In large turbo-generators, discharge brushes are installed whose function is 
preventing the buildup of excessive shaft voltages. The condition of these devices 
(normally brushes of different types, e.g., copper braid and carbon) should be carefully 
and periodically inspected. In some units, the grounding brushes can be readily ac¬ 
cessed and, thus, standard procedures call for a cursory inspection during the daily 
rounds of maintenance electricians. In other machines, visual access requires some dis¬ 
assembly and, thus, special procedures are laid out to ensure that the brushes are in¬ 
spected on a periodic basis. 

In some large units, monitoring systems are installed that send an alarm when high¬ 
er than normal shaft voltages are present (indicating a possible failure of the ground 
brushes). There are a number of commercial devices available. They connect to the 
discharge circuit (i.e., the circuit connecting the grounding brush to ground). Some 
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monitor the current flowing in the circuit. Any significant change on the current’s 
magnitude or spectrum may indicate a problem (see Section 5.5.4 for a detailed de¬ 
scription of such an online monitoring device). For instance, if the current goes to zero, 
it indicates that the grounding circuit is open (due, e.g., to a broken brush or brush 
spring). Other devices utilize additional “monitoring” brushes. See Figure 9.124 for 
such a device. 

If a ground does occur on the shaft through a bearing or hydrogen seal, there will be 
considerable arcing from the rotor shaft to the component in which the breakdown has 
occurred. At the point where breakdown occurs, the shaft grounding brush actually be¬ 
comes the return path in which circulating currents flow. Figure 9.127 shows the type 
of electrical pitting damage on the rotor shaft caused by ground currents and arcing. 
Figure 9.128 shows the electrical pitting and white metal melting that has occurred on 
a hydrogen seal face due to ground currents and arcing. Figures 9.125 and 9.126 show 
the components of a shaft grounding system. 


9.20 ROTOR WINDING MAIN LEAD HYDROGEN SEALING- 
INNER AND OUTER 

In hydrogen-cooled turbo-generators with brush-fed excitation, the leads between the 
dc field winding and the collector rings are routed through the interior of the shaft (i.e.. 



Fig. 9.124 Commercially available shaft-grounding monitoring device. (Reproduced 
with permission from the MRS Company.) 
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Fig. 9.125 Double grounding-brush arrangement on a 1300 MVA, 1800 rpm unit. This 
arrangement allows one to change one brush at a time, maintaining continuous 
grounding on the shaft. 



Fig. 9.126 One of the two grounding brushes of the shaft-grounding system shown in 
the previous figure. Two brushes are shown: one new and ready to be installed, and 
one removed for replacement. 
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Fig. 9.127 The rotor shaft in this photo shows an extreme case of electrical arcing 
from very high voltage built up on the shaft and then breaking down the bearing-oil 
film. The actual root cause was a stator core fault of significant magnitude that caused 
up to 1000 volts to be present on the rotor shaft. The grounding system alarmed in this 
particular case, but the voltage was excessively high and electrical arcing caused sig¬ 
nificant damage to the shaft journal. There was similar damage to the bearings, al¬ 
though no photo is available. 
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portions ofthe shaft are hollow). (See Figs. 9.87, 9.114, and 9.115, as well as Chapter 
2 for a comprehensive description of these components.) Were specific precautions not 
taken, the same space would allow the pressurized hydrogen in the machine to escape. 
Escaped hydrogen has been known to mix with oxygen and cause explosions in the 
brush-rig compartment due to arcing of the brushes or other igniting source. This di¬ 
rectly poses a potential safety hazard to personnel. 

To eliminate the possibility of hydrogen leaks, so-called hydrogen seals are in¬ 
stalled. Often, two sets are installed, one in the inner part of the rotor, where the leads 
leave the shaft and connect to the field winding, and another outside the casing, be¬ 
neath the collector rings, where the connection between those and the leads is located. 
There are two seals in each location, one per lead. However, in some machines there is 
only one set of hydrogen seals, normally in the inner side of the shaft. 

It is practically impossible to assess the condition of these seals visually, unless a 
significant dismantling of rotor parts is carried out. Even then, the final and definitive 
test is a pressure test carried out by means of specially provided nipples connecting to 
the bore, or by fabricating a specially designed cylindrical can, which fits snugly over 
the shaft extension and seals the area of the slip rings. This can is then pressurized, ex¬ 
ceeding the maximum operating pressure, and the pressure is monitored for a number 
of hours. If the pressure is maintained, then the integrity of the hydrogen seals is 
demonstrated. This type of testing is carried out during extended outages, mostly with 
the rotor is outside the bore. The test can be done with the rotor in situ, if required. Ob¬ 
viously, air-cooled units do not have the same sealing requirements as hydrogen- 
cooled units. Nevertheless, sealing of the bore area in the shaft is always important to 
keep the contamination away from there, for the purpose of preventing failure of the 
insulation that keeps the bore conductors from failing to ground or between polarities. 

Figure 9.129 shows the hydrogen seals in the end of the shaft of a machine designed 
with one of the collector rings connected at the end of the shaft to the bore conductors. 

It is also important to seal the turbine end of the shaft if it has a full-length hollow 
borehole, and most rotors pre-1990s machines have such full-length hollow bores. 
Sealing is generally done by a screwed-in faceplate with an inner rubber gasket on the 
end of the shaft. In addition, a test plug is often installed to allow a rotor bore pressure 
test to ensure that the seal is leak tight (Figure 9.130). 


9.21 CIRCUMFERENTIAL POLE SLOTS (BODY FLEX SLOTS) 

In certain round-rotor designs, a number of circumferential slots are machined in the 
poles of the forging, a few inches apart from each other (see Fig. 9.131). The purpose 
of these slots is to introduce a measure of flexing freedom to the rotor by stiffness 
equalization in the pole axis to minimize vibration. (See Chapter 2 for more informa¬ 
tion about the function of body flex slots.) The tips of the slots, where they reach the 
outside diameter (OD) of the rotor in the face of the pole, are areas prone to develop 
stress cracks under certain abnormal operating conditions. For instance, excessive 
asynchronous operation (without the dc field current) might result in currents flowing 
through the body of the rotor for extended periods. In this case, the tips of the slots be- 
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Fig. 9.129 Collector end-of-shaft hydrogen seal. 



Flo. 9.130 Turbine end-of-shaft hydrogen seal plate with pressure-test plug. 
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Fig. 9.131 This sketch shows the location of the flex slots and the areas requiring 
oareful Inspection for signs of overheating due to skin currents. 


come areas carrying high current densities. The highly localized heat generated by the 
high-density current flowing while these abnormal conditions exist may result in local¬ 
ized changes to the metallurgic properties of the steel. Consequently, the more brittle 
metal may develop cracks due to metal fatigue as the rotor flexes at twice the supply 
frequency. 

To avoid the possibility of catastrophic crack growth, the inspection team should be 
aware of any signs of overheating in those areas (normally appearing as discoloration 
of the metal). If encountered, a nondestructive test or examination (NDT or NDE) 
should be performed. Any crack found should be cause for further investigation and 
the initiation of adequate remedial measures. 


9.22 BLOCKED ROTOR RADIAL VENT HOLES—SHIFTING OF 
WINDING AND/OR INSULATION 

Rotor designs may or may not include radial vent holes in the retaining rings. Figures 
9.6 and 9.7 show such a ring. However, all large turbo-generators have radial vent 
holes of one shape or another on their body. It is essential when performing an inspec¬ 
tion of the rotor to verify that the vents offer unobstructed passage for the cooling gas, 
be it hydrogen or air. It is easy, with a mirror and a flashlight, to look inside the vent 
hole and see any obstruction when the rotor is outside the bore. 

Obstructions can come in several forms. However, by and large, the most common 
are introduced by shifting of the insulation between conductors (or/and the top insulat¬ 
ing filler), or by shifting of the entire winding. Insulation may shift as a whole or in 
pieces broken away from the main insulating strip between turns. 

Small amounts of coil and insulation shifting is not uncommon. Most rotors with 
many hours of operation will exhibit some blockage of the vents. There is no magic 
number as to what amounts to the beginning of a problem. It is also dependent on the 
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general pattern exhibited (i.e., the shift may be only in one slot, or a small number of 
slots, or all around the circumference). However, in general, when the combined 
blockage of the radial vent holes in any slot (as seen from the wedges) is around 15% 
or higher, it is important to consult with the OEM about remedial actions, if so indicat¬ 
ed. Keep in mind that any substantial blocking of the vents results in increased operat¬ 
ing temperature of the rotor winding, to the point that the design margin may be erod¬ 
ed, reducing the expected life of the insulation. 

In some cases, blocked or semiblocked vent holes can be the result of a more omi¬ 
nous development: shifting of part or all of the field winding toward one end of the ro¬ 
tor. This type of occurrence is probably associated with a rotor exhibiting thermal sen¬ 
sitivity (see Chapter 11). This problem requires partial or total rewind and/or 
reblocking of the winding. Figures 9.132 and 9.133 show examples of blocked vents 
due to this type of winding shift. 


9.23 COUPLINGS AND COUPLING BOLTS 

During major overhaul inspections, the couplings (turbine to generator and generator 
to exciter, if existing) should be checked for signs of distress. The condition of the cou¬ 
pling is important to maintaining good mechanical alignment and, thus, low vibration 
levels. Additionally, signs of chafing, fretting, or other physical anomalies may indi¬ 
cate the occurrence of an abnormal operational event in which large torque swings 
were involved. This type of event may be detrimental to other components of the rotat¬ 
ing equipment, and further investigation and perhaps inspection and testing activities 
may be warranted. Figure 9.134 shows a coupling removed from the rotor. Figure 
9.135 shows damage found on the coupling. 



Fig. 9.132 Radial vent of a rotor about 80% blocked due to shifting of the winding 
and Interturn Insulation (two-pole, 60 Hz, 180 MVA unit). 
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as in previous figure. The vent is almost completely blocked 
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Fig. 9.135 Damage to the threads in one hole belonging to the coupling in the previ¬ 
ous figure. 


9.24 BEARING INSULATION 


Bearings of large turbo-generators are of the friction type, also called sleeve bearings. 
It goes without saying that the bearings of large alternators must be in excellent condi¬ 
tion to operate reliably at low vibration levels over long periods of time (some units 
overhauls as many as eight years go between). Thus, the bearings must be carefully in¬ 
spected and refurbished during a long overhaul by knowledgeable and experienced 
personnel. The babbitt metal must be inspected for anomalies and proper dimensions, 
and, if required, the bearing must be rebabbitted. The shell must be inspected for 
cracks or any signs of distress. The same applies to the vibration probes and other in¬ 
strumentation connected to the bearings. 

One of the most important operational and maintenance issues related to bearings in 
high-voltage, high-power rotating machinery is control of shaft voltages and currents. 
During the normal operation of the generator, voltages and, hence, currents are in¬ 
duced in the shaft. In the case of large turbo-generators, in addition to voltages induced 
in the generator, substantial voltages are created by the rotating elements of the tur¬ 
bine. These shaft voltages and, in particular, the resultant currents, have to be kept to 
low values; otherwise, subsequent bearing failures can be expected to occur. The caus¬ 
es for the presence of shaft voltages and currents are discussed in detail in Chapter 11. 

In large turbo-generators, peak-to-peak voltages in excess of 150 V are not uncom¬ 
mon [14]. Such voltages are largely due to electrostatic build-up from the turbine. 
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caused by water droplets impacting on the blades. These voltages have the potential to 
generate currents that, when allowed to flow freely, will destroy bearing surfaces, oil 
seals, and other close-tolerance machined surfaces. 

The heat developed by the flow of current does not, as is sometimes assumed, cause 
damage. Instead, the damage is caused by mechanical action. Shaft bearing currents 
will damage the bearing surfaces by pitting resulting from minuscule electric dis¬ 
charges. The pitting will continue until the bearing surfaces lose their low coefficient 
of friction; then other more dramatic and rapid changes occur, culminating in bearing 
failure. Bearing currents also have adverse effects on the lubrication oil by altering its 
chemical properties. Control of shaft voltages is achieved by taking certain precautions 
when designing the machine and by introducing shaft-grounding elements and/or bear¬ 
ing insulation. 

Grounding devices, which can be copper braids or silver graphite or copper graphite 
brushes, should be inspected often. Bearing insulation can be inspected often in certain 
bearing-insulation designs with the machine online or offline, and after a certain 
amount of disassembly of pipes and other attachments has been performed. 

During major inspections, the bearings are inspected for signs of pitting caused by 
shaft (bearing) currents. These are easily recognized with help of a magnifying glass. 
They appear as shiny and well-rounded little droplets. If the bearing surfaces are found 
to be damaged by shaft currents, then the reason for the existence of significant shaft 
currents should be investigated. Strong candidates are a bridged or faulty bearing insu¬ 
lation, and/or defective or missing grounding devices. Pitted surfaces of the bearings 
should be rebabbitted. Pitted journals should be polished. 

The bearing insulation is commonly made of mechanically strong water- and oil-re¬ 
sistant insulation materials formed from fiberglass or similar bases, laminated and im¬ 
pregnated with resins, polyesters, or epoxies. 

In bracket-mounted (end-shield-mounted) bearings, the bearing insulation takes the 
shape of a ring or collar surrounding the bearing or, less commonly, as an insulation 
layer between bracket and casing, piping, and so forth. In pedestal-type bearings, the 
insulation is made of one or two plates, normally placed at the bottom of the pedestal. 
When double plates are used, they have “sandwiched” between them a grounded metal 
plate (Fig. 9.136). This system allows each of the insulation layers to be tested without 
the necessity of interrupting the operation of the machine, uncoupling it, and taking 
care of the other arrangements normally required to measure the bearing insulation. 

Machines normally have the non-drive-end (outboard-end) bearing insulated. How¬ 
ever, machines with couplings at both ends or those driven by turbines may have both 
bearings insulated. In some cases, the couplings are also insulated. 

It is important to verify during the inspection that the bearing insulation is not cont¬ 
aminated with carbon dust or accidentally bridged with chunks of metal touching the 
bearing pedestal, temperature or vibration sensors, noninsulated oil piping, and so 
forth. 

If electrical testing of the bearings’ insulation is performed, the measured values 
should be in the hundreds of thousands of ohms. However, in this application, as in 
many other areas of insulation practice, a wide range of resistance values can be found 
in the literature: from 100 kH to 10 MH or greater. Given the relatively large shaft 
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Fig. 9.136 Schematic representation of a pedestal bearing with two layers of insula¬ 
tion. This arrangement allows testing the value of the Insulation in each layer with the 
generator in operation. Otherwise, testing the insulation of a bearing with one layer of 
insulation only can be done with the unit shut down, and making the measurement will 
actually ground the rotor. 


voltages encountered in large turbine generators, it is preferable to have insulation-re¬ 
sistance values in the megaohm region. 

Reliance only on grounding devices is not recommended. A grounding device is re¬ 
quired to reduce the level of voltages in the shaft to values compatible with the small 
clearances encountered in bearing insulation and between shaft and seals. However, 
the normal contact resistance of grounding devices does not eliminate shaft voltages to 
the extent that the bearing insulation would become redundant [15]. Grounding de¬ 
vices are often taken for granted—and therefore neglected—during normal mainte¬ 
nance procedures. Thus, it is important they be inspected carefully during major in¬ 
spections (see Section 11.9 on bearing testing in Chapter 11). 


9.25 HYDROGEN SEALS 

All hydrogen-cooled generators have in common the need to maintain the hydrogen 
pressure inside the machine at anywhere from 30 to 90 psi (about 2 to 6 atmospheres) 
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without allowing a significant leak to the exterior. As explained elsewhere in this 
book, hydrogen leaks can pose significant safety risks, because certain concentration 
levels of hydrogen and air can become highly explosive. Accidents have occurred due 
to hydrogen leaking and concentrating in areas next to the generator (for instance, the 
excitation housing). 

Hydrogen can leak out of the machine in a number of ways. For instance, hydrogen 
can leak into the water cooling system of generators with direct water-cooled stators. 
This type of problem is addressed elsewhere in this book. Hydrogen can also leak 
through cracks in the envelope of the generator, as well as through inadequate sitting 
of end-shields, bolts, wires, covers, and any other plates covering penetrations through 
the casings. Hydrogen can also leak through the bore of the shaft, when the upshaft 
solid seals are dry or otherwise aged, and through testing holes tapped to the shaft 
bore. These are also covered elsewhere in this book. The main concern is hydrogen 
leaking at the shaft-to-stator casing interface of the machine, where a specific clear¬ 
ance is required to allow unhindered rotation. To deal with this issue, hydrogen seals 
are installed. 

Hydrogen seals are systems that use oil at pressures higher than the hydrogen that is 
injected, filling the gap between the shaft and the seals. Chapter 2 fully describes the 
journal and thrust-collar type of seals. The following is a list of items to be inspected 
and tested during a generator inspection. 

9.25.1 Journal Seals 

Inspection: 

Babbit baterial and steel shell 
Bronze or brass seal rings 
Seal housing 
Seal-oil wipers 

Springs and pressure components 
Gaskets and 0-rings 

NDE: 

Liquid-penetrating inspection (LPI) for cracks 
Ultrasonic (UT) for babbit bonding to shell 
Insulation Resistance: 

Megger check of the seal insulation to ground, to ensure that the rotor shaft is not 
grounded through the hydrogen seals. Usually done at no higher than 500 volts. 
Typical Maintenance: 

Seal rebabbitting 

Babbit scraping 

Bronze-seal repairs 

Consumable component replacement 

Oil flushing 

Figures 9.137 to 9.140 show various types of damage to journal-type hydrogen 
seals and seal wipers. 
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Fig. 9.137 Mild heat-staining damage on a journal-type hydrogen seal from a “light” 
shaft-to-seal rub. 


9.25.2 Thrust-Collar Seals 

These types of seals are less common than journal seals. They are somewhat more dif¬ 
ficult to align and maintain, but, in general, the same type of inspection activities that 
were listed for journal seals are also carried out on thrust-collar seals. 

Figures 9.142 to 9.144 show various types of damage on thrust-collar-type hydro¬ 
gen seals. 



Fig. 9.138 Massive damage on a journal-type hydrogen seal from loss of oil and a se¬ 
vere rub. The combined effects of severe heat staining, electrical pitting, melting, and 
debris pick-up, with resulting white-metal smudging, can be seen. 
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Fig. 9.140 Damaged journal-type hydrogen-seal wipers are shown here. The wiper 
strips have been deformed by a rub and allowed the seal oil to blow past the wipers, 
causing a very dangerous operating situation. The possibility of hydrogen leakage 
from the machine is a concern with failures such as this. 










Fig. 9.141 The journal-type hydrogen-seal wipers shown in this photo have been se¬ 
verely rubbed such that some are bent over and cracked. Extensive seal-oil leakage 
past the wipers again creates a very dangerous operating situation for oil and hydro¬ 
gen fires occuring if hydrogen were to leak at this location. 


Fig. 9.142 Damage on a thrust-collar-type hydrogen seal. The continuous seal face 
on the hydrogen side of the seal is heat stained from a rub, as is the tapered land sec¬ 
tion on the air side of the seal. In addition, the tapered land portion has cracked and 
hardened white-metal damage. 
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Fig. 9.144 This thrust-collar-type hydrogen seal shows eroded white metal on the con¬ 
tinuous seal surface from electrical arcing and mechanical pickup of debris in the oil. 


Fio. 9.143 This thrust-collar-type hydrogen seal shows cracked white metal on the 
continuous seal surface on the hydrogen side of the seal. 


9.25.3 Carbon Seals 

In recent years, a completely new hydrogen seal has been developed. Made of a carbon 
wiping surface, it appears to exhibit a number of advantages over the conventional 
babbit seal. It uses less oil compared to conventional seals, is smaller, and can last sig¬ 
nificantly longer under oil starvation without causing major damage to the shaft. Final¬ 
ly, the carbon seal virtually eliminates seal rubs due to the large shaft-to-seal housing 
clearance afforded by its design. 
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As a retrofit, the new seal will probably require considerable expense. When in¬ 
stalled in new machines, its long-term advantages may be a good trade-off against any 
additional initial cost. 

Figures 9.145, 9.146, and 9.147 show the carbon hydrogen seal and some of its per¬ 
formance characteristics. 


9.26 ROTOR-BODY ZONE RINGS 

Some generators employ zone rings or gas guides attached to the rotor body, used to 
more efficiently direct cooling gas flow between the stator and rotor cooling circuits 




Fig. 9.145 Carbon journal-type oil seal (courtesy of Siemens & Stein Seal Co.). 
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Bearing Side 



Fig. 9.146 Oil flow of carbon seal versus existing technology—bearing side (courtesy 
of Siemens). 
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Fig. 9.147 Oil flow of carbon seal versus existing technology—hydrogen side (cour¬ 
tesy of Siemens). 
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(Figure 9.148). The purpose of the rotor-body zone rings is basically the same as the 
stator zone rings employed on other machine designs. 

Rotor zone rings are made of nonmagnetic steel (similar to retaining-ring materials) 
and are shrunk fit to the rotor body. They are a highly stressed component and suscep¬ 
tible to the same basic mechanisms as retaining rings. They need to be thoroughly in¬ 
spected periodically and any problems found corrected so that they do not become a 
potential foreign object in the airgap of the generator when the machine is in operation. 
The consequences can be severe if large debris comes loose between the stator and ro¬ 
tor when the rotor is at speed. 


9.27 ROTOR REMOVAL 

This chapter has been all about inspection of the rotor, mostly while removed from the 
stator. Removing the rotor poses some significant risks to the integrity of the stator and 
the rotor itself. Like any other critical activity, it must be carried out by knowledgeable 
and experienced personnel. 

The operation to remove a turbo-generator field from the stator is very similar in all 
situations, though there are dissimilarities depending on the size of the rotor; the tools 
available, such as crane and clamps; and the location of the machine. Figures 9.149 
and 9.150 show a smallish rotor being removed. 

Figure 9.151 shows the shoe of a very large four-pole rotor firmly secured to the 
shaft. 

Once the trailing end of the rotor is firmly supported by the sliding shoe and the 
skid plate is greased and tightly held by steel wires so it does not slide with the rotor, 
the pulling stage starts. Pulling is carried out by different means, depending on the size 
of the machine and the tools available. Figure 9.152 shows a small rotor being pulled 
with a forklift. Figure 9.153 shows a very large rotor being pulled by a dedicated trol¬ 
ley, which slides by means of two hydraulic pistons (Fig. 9.154). 



Fig. 9.148 Rotor-body zone rings installed on a large two-pole rotor. (Reprinted with 
permission of Siemens Westinghouse Power Corporation.) 
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End-winding 


One side of the rotor 
held by a sling from 
a crane. The journal 
surface where the 
sling is attached 
must be protected 
from damage 


Fig. 9.149 A small two-pole rotor being removed from the stator. The sling used at 
the end of the rotor to be removed first is visible (direction of removal Indicated by the 
thick arrow). 
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Fig. 9.150 The photograph shows the other end of the rotor in Figure 9.149. The di¬ 
rection of removal Is away from the viewer, as indicated by the thick arrow. This end of 
the rotor rests on a so-called “shoe.” The shoe is firmly bolted to the rotor shaft, and It 
slides on a skid plate made of steel and supported from one side by steel wires. 
Grease Is applied to the skid plate so that the shoe slides easily. 
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Fig. 9.151 Massive “shoe” supporting on end of a 200 metric ton rotor being re¬ 
moved. The shoe is strongly held to the shaft by clamps and sits on the greased skid 
plate. 



Fla. 9.152 Small rotor being pulled out of the stator by a forklift. 
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Fig. 9.153 Large four-pole rotor leading end attached to a hydraulic trolley used to 
pull the rotor out without a tilt. 



Fig. 9.154 The trolley of the previous figure is pulled by two hydraulic pistons. 
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The common denominator of the pulling activity is that it must be slow and very 
well controlled at all times. Otherwise, damage to the stator, the rotor, or both can oc¬ 
cur. Common risks are tilting the rotor unevenly in the bore, causing a rub against the 
stator laminations, or against zone rings, when present; or having the rotor slide too 
far, damaging the end winding. Figures 8.63 and 8.64 in Chapter 8 show an example of 
damage to the stator laminations while removing a two-pole rotor. Figure 9.155 shows 
core damage while removing another two-pole rotor. Figure 8.28 in Chapter 8 shows a 
stator rubber zone ring damaged (ties tom) by a rotor during removal or installation (it 
was not clear to the plant personnel when the ring was damaged). 

One thing is certain: every effort carried out in removing the rotor carefully must be 
redoubled when reinstalling it into the bore. The reason for this is that whereas dam¬ 
ages done during the removal operation can be seen with the naked eye and fixed dur¬ 
ing the outage, damage done during the installation procedure may not be seen for an 
entire cycle (perhaps up to 10 years) until the rotor comes out again. In many cases, no 
further deterioration may occur, but in some, lamination damage can over time and 
create core hot spots (in the teeth) that eventually require a much larger repair job. 

The next stage happens when the center of gravity of the rotor is somewhat past the 
end of the unit and the trailing end of the rotor is still resting close to the straight part 
of the core on the shoe. Then, the leading end of the rotor must be held securely in po¬ 
sition while a sling is wrapped around the forging. In very large units, using dedicated 
pull trolleys such as that shown in Figure 9.135 allows the rotor to remain on the trol- 
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Fig. 9.155 Damaged core during a rotor removal operation. This is a two-pole ma¬ 
chine with deep stator-tooth bridges. 
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ley until the newly attached sling very slightly lifts it and moves it out the bore. In lo¬ 
cations where a trolley is not available and the unit’s leading edge is supported by a 
sling as it moves out the bore (Figure 9.152), the rotor must be temporarily cribbed on 
blocks of timber. It is of the utmost importance that the cribbing not be placed under 
the retaining ring or under the forging in the area where the wedges are located to 
avoid serious damage. The cribbing must only be placed under the pole face. Thus, it is 
important to take this into consideration before the shoe is attached to the rotor at the 
beginning of the operation. The rotor must be rotated such that one of the pole faces is 
“looking” down. Figures 9.156 and 9.157 show a small rotor before the cribbing is 
erected, and then after it is placed on the cribbing. Figure 9.158 shows a cribbed rotor 
of a large unit. In both cases, the same criteria are followed. 

Next, after the sling is moved to the center of the rotor—making sure that the load is 
balanced so that no tilting will occur that can damage the core laminations—the rotor 
is slowly completely pulled out the bore. The final resting place of the rotor can be on 
cribs or on rollers. Rollers are most often preferred because the rotor can be easily ro¬ 
tated for inspection or other activities. Figures 9.159, 9.160, and 9.161 show small, 
large, and very large rotors being lifted during removal from the stator. Figure 9.162 
shows a rotor set outside the stator on rollers. The rollers can be placed under the shaft 
or, in some cases, under the forging if the wedges are in. Figure 9.163 shows a skid 
plate still in the stator bore after the rotor was removed. 

The procedure for reinstalling the rotor in the stator bore includes all the steps de¬ 
lineated above but in reverse. 



Fig. 9.156 Rotor being supported at the leading end by a sling attached to an over¬ 
head crane. 
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Fig. 9.157 Rotor of previous figure shown with the leading edge resting on a timber 
crib. The crib is under a pole face close to the retaining ring, but without touching it. 



Fig. 9.158 A 300 MW, two-pole rotor with its leading end temporarily resting on a tim¬ 
ber crib. The crib is supporting the rotor at its pole face. 
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Fig. 9.160 Slings being attached to a large two-pole rotor for removal from the stator. 















Fig. 9.162 Rotor placed on rollers after being removed from the stator. 
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Fig. 9.163 A skid plate inside the stator bore after the rotor was removed. Between 
the skid plate and the core, a soft material is placed to protect the laminations from 
damage. The top surface of the skid plate is greased so that the rotor’s shoe will slide 
without too much resistance. 
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Some generator auxiliary systems are required to be in service even when the genera¬ 
tor itself is not in operation. For instance, when the generator is offline but on turning 
gear while cooling off, the lube-oil system is still circulating oil to the bearing and the 
seal-oil system is still circulating oil to the hydrogen seals to maintain the generator 
hydrogen pressure. This means that the hydrogen system is operating for the described 
condition. Thus, it is easily seen that the auxiliaries operate more than the generator 
and that they require maintenance. The following sections provide a description of the 
things that should be inspected and checked during a generator outage for inspection 
and maintenance. 


10.1 LUBE-OIL SYSTEM 

Inspection of the lube-oil system is usually done at every major outage. It is usually 
done as a turbine maintenance item and so will only be touched on briefly here. 

Prior to shutdown, a complete set of oil pressure, temperature, and bearing-metal 
temperature readings should be obtained to look for any abnormal readings of these 
parameters. Abnormal readings can help to identify components for inspection in the 
lube-oil system for the purpose of determining what the cause of the abnormality is. 
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For major outages, the main oil tank should be drained and cleaned, and the follow¬ 
ing items checked and inspected: 

• Tank condition and cleanliness 

• Piping connections for looseness and defects 

• Transfer and check valves for ease of operation and overall condition 

• Oil coolers—both water and oil sides (a leak test may be done to ensure that 
there is no passage of one fluid of the system into the other) 

• Filters cleaned or replaced, depending on the type used 

• Pressure switches and gauges overhauled and recalibrated 

• Bearings and other components of all pumps properly lubricated 

• Vapor extractor and oil-pump regulator operation 

• Monitoring instrumentation 

• Oil purifier or centrifuge 

Major maintenance activities in addition to the above may consist of flushing and 
backflushing of the lube-oil system, and a complete change of the oil. 


10.2 HYDROGEN COOLING SYSTEM 

Inspection of the hydrogen cooling system is usually done at every major outage. The 
major components of the hydrogen cooling system should all be checked for general 
condition and operational functionality. The main components are as follows: 

• Hydrogen dryers and control components 

• Hydrogen bulk supply or generation plant 

• Hydrogen control cabinet and instrumentation 

Major maintenance activities during an outage may consist of the following: 

• Desiccant recharging in the hydrogen dryers 

• Hydrogen supply replenishing 

The large majority of minor maintenance activities on the hydrogen cooling system, 
outside of the coolers themselves, are instrumentation, piping and valve issues. 
Individually, the maintenance of these types of items is not a large effort, but it may be¬ 
come large if all instrumentation requires recalibration and operational checks. Time 
should be allotted during major outages to ensure that these items are attended to so they 
do not become operation problems while the machine is in service. During maintenance 
of the hydrogen system, great care must be taken due to the danger of hydrogen explo¬ 
sions or fires. Sparkless tools made of brass are usually used to avoid ignition of the hy¬ 
drogen, but the system should not be worked on until the hydrogen is safely purged. 
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One of the continual maintenance items is making sure there is always a good sup¬ 
ply of hydrogen and CO 2 available. This activity does not require an outage. General¬ 
ly, the two methods of hydrogen supply are purchasing bottles of hydrogen and simply 
replacing them as necessary, or having an in-house hydrogen production facility. The 
in-house facility represents yet another subsystem and will require periodic mainte¬ 
nance as necessary. 

Probably the most worked on pieces of equipment in the hydrogen system are the 
dryers, and these also require the use of sparkless tools. These can often be worked on 
while in operation since they usually come as twin tower units. One side is operational 
while the other regenerates its desiccant. This is discussed in detail in the following 
section. 

10.2.1 Hydrogen Desiccant/Dryer 

A typical maximum dew point for hydrogen in a machine is 30°F (-1.1 °C). Periodic 
purity checks should suffice to maintain the dew point low enough to avoid condensa¬ 
tion during operation of the machine. Nevertheless, if purity cannot be ascertained, it is 
important to ensure that only dry hydrogen enters the machine. Moisture carried by the 
hydrogen into the machine, if allowed to condense, may adversely affect critical com¬ 
ponents. 

Moisture in the windings can cause tracking, with subsequent failure of the insula¬ 
tion. Moisture on the retaining rings can be a serious source of problems, in particular, 
if the rings are made of austenitic steel (18% manganese-5% chromium alloy), com¬ 
monly known as 18-5 rings. In the presence of moisture, this material tends to develop 
stress-corrosion cracking, which grows relatively fast. This can result in catastrophic 
failure of the ring. Retaining rings made out of 18-5 alloys are being changed through¬ 
out the industry to 18-18 alloy rings, following recommendations by manufacturers. 
Some machine operators keep their 18-5 rings but subject them to periodic NDE, and 
are very careful to avoid ingression of moisture to the machine. The new 18-18 rings 
have proved to be less prone to stress-corrosion cracking but are still susceptible to wa¬ 
ter-initiated corrosion when halides or copper ions are present in the water. Moisture 
carried by hydrogen can also result in corrosion of the iron laminations, zone-rings, 
fan-rings, nonmagnetic rotor wedges, bolts, studs, brakes, and other structural mem¬ 
bers. Carbonate by-products from welding fluxes used in hydrogen coolers have been 
known to result in winding failures. 

Manufacturers are divided as to the best methods to maintain dry hydrogen. How¬ 
ever, most base their decision for installing or not installing hydrogen dryers on the 
bearing seal-oil arrangement they employ. Some manufacturers do not recommend the 
use of hydrogen dryers and rely on seal-oil vacuum treatment to extract the moisture 
from the hydrogen. 

If hydrogen dryers are installed, they should be inspected to ascertain that they are 
in good working condition. Desiccants are often neglected, particularly in places 
where scheduled maintenance procedures are lacking; therefore, they should be visual¬ 
ly inspected as part of the machine inspection procedure. Plant personnel should make 
sure that hydrogen dryers are in good working condition at the time of shutdown. This 
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is the most critical time, as it is when the moisture will condense on critical compo¬ 
nents of the machine. 


10.3 SEAL-OIL SYSTEM 

Inspection of the seal-oil system is usually done at every major outage. The major 
components of the seal-oil system should be all checked for general condition and op¬ 
erating function. The main components to be inspected are as follows: 

• Coolers. The coolers need to be free from leaks between the raw water and the 
oil side. A leak of raw water can contaminate the oil and cause operational prob¬ 
lems with the seals. Periodic NDE of the cooler tubes is required to check for 
wall thinning and avoid leaks. Also, cleaning should be done of the water and oil 
sides at regular intervals to maintain proper flows and heat removal capability. 

• Filters. Filters should be periodically checked and cleaned to ensure that they do 
not become clogged and impede flow. There are many different types and it is 
best to follow the manufacturer’s instructions for maintenance. 

• Pumps. Normal maintenance usually carried out on pumps should be done dur¬ 
ing the maintenance outages. 

• Oil reservoir condition and cleanliness. The seal oil supply is usually taken from 
the main lube-oil supply and separated off. The oil can become affected over 
time and needs to be checked for proper chemical composition, dryness, and en¬ 
trained impurities. The oil quality should be monitored on a regular basis and 
chemically cleaned or replaced with new oil as required. 

• Seal-oil vacuum tank. Always inspect the tank sight glass for foaming in or on 
the surface of the seal oil in the tank. There should be minimal foaming observ¬ 
able. Excessive foaming indicates too much moisture or hydrogen entrainment 
in the seal oil (fig. 10.1) 

• Hydrogen detraining system. Requires general maintenance of tanks and reser¬ 
voirs and associated instrumentation. 

• Piping connections. Normal maintenance of piping and bolted connections. 

• Pressure switches and gauges. Should be overhauled and recalibrated if necessary. 

• Monitoring instrumentation. During overhauls, monitoring instrumentation and 
devices should be recalibrated and manufacturer’s recommended maintenance 
carried out. 

• Inspect hydrogen seal components. Hydrogen seal components should be in¬ 
spected and NDE tested as described in Chapter 9 regarding hydrogen seal main¬ 
tenance. 

Major maintenance activities may consist of the following: 


Flushing and backflushing of the system. This is to clear the system of any debris 
collected. 
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Fig. 10.1 Seal oil tank with sight glass window showing a high degree of foaming in 
the oil, indicating excessive moisture. 


• Oil changes. Oil quality may deteriorate due to a number of reasons. When the 
oil cannot be cleaned up by additives or fdtering, it should be replaced. 

• Maintenance of the seal surfaces. Should be carried out as per Chapter 9 regard¬ 
ing hydrogen seal maintenance. 

• Replacement of gaskets and “O” rings 

• Realignment of the seals and housings. Done during reassembly of the hydrogen 
seals. 

• Filter cleaning or replacement. 

10.4 STATOR COOLING WATER SYSTEM 

Inspection of the stator cooling water system is usually done at every major outage. 

The major components of the stator cooling water system should all be checked for 

general condition and operating function. The main components are as follows: 

• Demineralized water makeup or storage tank. Generally, there are two basic 
arrangements for the stator cooling water makeup tank. They are either open to 
atmosphere, creating a “high-oxygen” stator cooling water environment, or they 
have a hydrogen blanket or atmosphere covering the surface of the water in the 
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tank, creating a “low-oxygen” stator cooling water environment. The manufac¬ 
turer’s recommendations for maintenance of the stator cooling water and the at¬ 
mospheric environment intended should be followed. It is not usually good prac¬ 
tice to alter the manufacturer’s operational intent regarding “high” or “low” 
oxygen content stator cooling water schemes. The reason for this is that the in¬ 
correct oxygen content can quickly cause corrosion plugging in the hollow con¬ 
ductors of the stator winding, leading to overheating. All instrumentation associ¬ 
ated with the tank, particularly the level detectors and any venting systems, 
should be maintained in good working order. 

• Pipework. The stator cooling water pipework is usually either stainless steel or 
copper, to avoid contaminants in the stator cooling water that would create cor¬ 
rosion effects or cause the conductivity to deviate from design. 

• Automatic and manual valves. The portions of the valves that come in contact 
with the demineralized stator cooling water are also generally made from the 
same materials as the pipework, for the same reasons of maintaining low con¬ 
ductivity and minimizing corrosion products. 

• Heat exchangers. The heat exchangers need to be free from leaks between the 
raw water and the demineralized water side. A leak of raw water can contami¬ 
nate the demineralized cooling water side and cause a ground fault or flashover 
in the stator winding if the conductivity gets too high from contamination. Peri¬ 
odic NDE of the cooler tubes or plates is required to avoid leaks. Also, cleaning 
of the raw water side should be done on regular intervals to maintain proper flow 
and heat-removal capability. 

• Filters and strainers. Mechanical-type strainers are usually used for larger debris 
and often have the capability to carry out back-flushing to clear any debris. This 
needs to be done on a regular maintenance basis. Also, organic or other type fil¬ 
ters should be periodically checked and replaced when they become clogged and 
flow is reduced. Most often, one will see blackish copper oxide deposits or 
sometimes minute copper particles or even bits of gasket materials. 

• Pumps. Normal maintenance usually carried out on pumps should be done dur¬ 
ing the maintenance outages. 

• Pump motors. Normal maintenance usually carried out on pump motors should 
be done during the maintenance outages. 

• Deionizer. The deionizer requires monitoring and replacement of the cation and 
anion resins so that they maintain their ability to keep the stator cooling water 
conductivity at the required level. This type of maintenance is also normally 
done during the general maintenance outage for the generator. 

• Alkalizer. The alkalizer is a specific piece of equipment employed in conjunc¬ 
tion with the deionizer to keep the pH level at about 8.5 (alkaline). The chemi¬ 
cals used in the system need to be monitored and the supply maintained for prop¬ 
er operation. 

• Hydrogen detraining system. The hydrogen detraining system is basically a tank 
used to remove any hydrogen or other gases that normally get entrained in the 
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stator cooling water. The detraining system vents and tank-level indicators and 
other instrumentation need to be monitored continuously and periodically main¬ 
tained during outages. All vents need to be monitored to ensure they are clear 
and venting properly at all times. 

• Gas release and leak monitoring systems, if provided. Some stator cooling water 
systems are equipped with leak detection systems that work by collecting the hy¬ 
drogen gas that has leaked into the stator cooling water in abnormally excessive 
quantities. The leak detection system accounts for the amount of leakage in to 
stator cooling water and then vents it off through the venting system. The leak 
detection chamber and all the instrumentation associated needs to be monitored 
and maintained at regular intervals according to the manufacturer’s recommen¬ 
dations. 

• Monitoring instrumentation. Required to be periodically calibrated and main¬ 
tained at regular intervals. 

Major maintenance activities may consist of the following: 

• Stator cooling water system flushing and backflushing. Flushing and back-flush¬ 
ing are generally done to remove debris and help clean out anything that may be 
lodged in the conductor bar ends and strand openings. The method is to switch 
over the piping from the inlet and outlet of the stator winding, with the intent of 
flowing the stator cooling water in the opposite direction to normal flow. The de¬ 
bris is then picked up in the strainers and filters. 

• Chemical flushing. Sometimes, debris is not in loose form, but rather a product 
of corrosion of the copper conductors. This has been discussed earlier on in 
Chapter 3 in the sections on stator cooling water. When copper corrosion does 
occur from such problems as poor stator cooling water chemistry, the corrosion 
can take place at a fast rate. Chemical cleaning methods are available to reduce 
and often remove the corrosion products so that operation can continue as nor¬ 
mal. The methods and chemicals used vary from manufacturer to manufacturer 
and cleaning can be done both on- and offline. When doing it online, the effort 
usually requires more time because the flow of chemicals must be kept to a low 
rate so that conductivity limits are not exceeded. This is desirable for the obvi¬ 
ous reason of maintaining production, especially in a nuclear environment, but 
it requires extreme caution during the operation. It is highly advisable to do 
any chemical cleaning with the assistance of the manufacturer or under his di¬ 
rection. 

• Filter replacement. Filter replacement is a fairly common practice and simple 
task. It is usually done during an outage and takes very little time if only replace¬ 
ment is required and no other issues are present. 

• Deionizing system resin recharging. This is done as a normal course of action 
during maintenance outages when the resins are found to be depleted and no 
longer able to maintain low conductivity of the stator cooling water. 
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10.5 EXCITERS 

Inspection and maintenance is generally performed on a five- to eight-year basis for 
major items, and at weekly or monthly intervals for brushes, commutators, and collec¬ 
tors. The inspection of the excitation system depends on the type of excitation: 

• Rotary (generator driven or independent) 

• Static (solid state) 

• Brushless (shaft mounted) 

In general, the work is performed at the planned intervals mentioned above. 

10.5.1 Rotating Systems Inspection 
Electrical Components: 

• Commutator surface 

• Insulating mica 

• Brush surface 

• Brush clearance to brush holder 

• Holder clearance to commutator 

• Brush spacing 

• Pigtail condition 

• Armature winding condition 

• Field-winding condition 

• Buswork connections 

• RTDs and/or thermocouples 

Mechanical Components: 

• Cleanliness 

• Bearings 

• Deflectors 

• Insulated couplings 

• Airgap clearances 

• Alignment to the generator’s rotor (when driven by main generator) 

• Filters 

10.5.2 Static Systems Inspection 
General Components: 

• Cleanliness 

• Ventilation system 
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• Connections 

• Rectifier short/open tests 

• Other, as required per manufacturer and type of system 

10.5.3 Brushless Systems Inspection 
Electrical Components: 

• Cleanliness 

• Buswork connections 

• Diodes 

Mechanical Components: 

• Bearings 

• Deflectors 

• Airgap clearances 

• Alignment to the generator’s rotor 

• Filters 

• Cleanliness 

10.5.4 Specific Inspection Items 

Excitation Cleanliness and General Appearance. As described in preced¬ 
ing sections on generator auxiliaries, there are various types of excitation systems that 
are typically employed in large synchronous machines, whether self-excited, stand¬ 
alone, solid-state, shaft-driven generator, stand-alone generators, or some other sys¬ 
tem. It is impossible to address in detail so many different types of systems and their 
components. Therefore, when discussing the inspection of excitation components, we 
will mainly cover the general issues mentioned in the Excitation Inspection Form (see 
Chapter 7). 

In Chapter 9, we stressed the sensitivity of the operation of the collector brushes to 
the brush-spring collector condition, as well as to the suitability of the environment, 
which includes the surrounding atmosphere and dirt or other contaminants. Therefore, 
excessive presence of these contaminants is a plausible indication of less-than-effec- 
tive operation. If excessive carbon dust or copper dust is present, it can indicate too 
much wear on the brushes and collector. If left untreated, a large amount of dust can 
restrict the movement of the brushes in their brush holders, resulting in a quickly dete¬ 
riorating situation. Excessive copper and/or carbon dust may also result in a ground 
fault on the collectors of the brush rig (see Fig. 10.2 for such an occurrence). 

In short, the accumulated contaminants may provide a clue to the operation of the 
machine. However, contaminants should be removed as often as necessary to allow for 
effective brush operation. 

Cleanliness obviously also applies to other equipment associated with the excitation 
system. For instance, when free-standing, solid-state-controlled rectifiers provide the 
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Fig. 10.2 Major failure of a two-pole, 800 MVA unit due to a multiple short circuit to 
ground. The failure was attributed to maintenance deficiencies in the area of periodic 
inspection of the brushes and brush-holder conditions, as well as general cleanliness 
of the brush rigging. In the photo, the outer brush gear has already been disassem¬ 
bled. The inner one, where the fault occurred, is shown partially disassembled. 


field current, they should also be opened and, as a minimum, given a cursory inspec¬ 
tion. The soundness of the main connections should be verified. Filters, if present, 
should be cleaned or replaced, and the condition of the cooling fans, if installed, 
should be evaluated. 

Shaft-Mounted Diodes. Many smaller synchronous motors and generators, and 
an increasing number of larger machines, are being supplied with shaft-mounted exci¬ 
tation systems. In this arrangement, a shaft-mounted auxiliary winding is energized by 
a controlled flux created by a stationary winding. The rotating winding produces alter¬ 
nating currents, which are then rectified by a shaft-mounted, solid-state rectifier 
bridge. The rectified currents then flow into the dc field winding through a set of leads. 
The bridge consists of diodes mounted around the perimeter of the rotor in a diode¬ 
supporting rig, also called a “diode wheel.” Figure 10.3 shows a diode wheel belong¬ 
ing to a 20 MVA, two-pole unit. 

Experience shows that these diodes are very reliable. Testing the diodes may not be 
required in most cases. However, it is important to disconnect both leads from the 
diode bridge if any potential test is to be carried out on the field winding. Otherwise, 
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Fig. 10.3 Shaft-mounted exciter and diode wheel in a two-pole, 20 MVA generator. 


the voltages generated by equipment such as hi-pot and/or megger devices will destroy 
the solid-state junction of the diodes. The diodes’ heat sinks should be cleaned, if nec¬ 
essary, to improve their cooling during operation. 

Diode Connections and Support Hardware. Although the diodes them¬ 
selves are very reliable and may not need to be electrically tested, the connections be¬ 
tween the diodes and leads, as well as the soundness of the supporting rig and its at¬ 
tachment to the rotor, are subjected to continuous vibration and mechanical centrifugal 
forces. Therefore, their soundness should be checked during a major inspection while 
the rotor is out of the bore. 

Fuses commonly protect the excitation diodes. These fuses normally have a pin 
that is released upon activation of the fuse. If such fuses are present, the inspector 
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should ascertain that they are all operational by making sure that none have been ac¬ 
tivated. 

Commutator, Brushes, Springs, and Brush Rigging. The commutator of 
the a machine (in a rotating excitation system) should be inspected with the same 
scrutiny as the brushes and collectors in the main generator. Most of the topics dis¬ 
cussed in regard to collector rings in Chapter 9 also apply to the commutator. In addi¬ 
tion, special care should be taken to remove excessive accumulation of brush carbon 
and other dust in undercut mica grooves. This accumulation is intensified by the exis¬ 
tence of oil contamination. Signs of arcing across mica, between adjacent segments, or 
between commutator and shaft indicate the need for cleaning. Hot spots should be not¬ 
ed and their causes investigated. Loosened and/or shifted segments should be noted 
and, if necessary, corrective measures should be taken. Unequal spacing of the brushes 
around the commutator may lead to defective commutation. If this situation is suspect¬ 
ed, the position of the brushes can be measured by tracing their contour on a strip of 
thin paper placed between brushes and commutator. Subsequently, the paper is re- 



Fig. 10.4 View of the shaft-mounted exciter armature and diode wheel of the rotor of 
the previous figure. 
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trieved and the distances are measured. If necessary, corrections can be made by shift¬ 
ing the brush holders on the brush rig. 

All the topics discussed in Chapter 9 regarding commutation film, brushes, springs, 
environment, and brush-rig support apply here entirely. 

dc Generator Stator. If a rotating exciter is used, whether shaft-mounted or in¬ 
dependently driven, it should be subjected to the same close inspection as that of the 
rest of the generator. It is an unfortunate situation when an undermaintained motor-ex¬ 
citer system fails, paralyzing a very large generator in good operating condition. In 
general, stators and rotors of rotating exciters should undergo inspection procedures 
similar to those that apply to the main generator. Electric tests are also similar to those 
performed on the main generator. All major items for inspection described in this book 
for the generator’s stator (Chapter 8) apply to some degree to the stator of the exciter. 

do Generator Armature. Apart from general appearance, a visual inspection 
should assess the soundness of the connections to the commutator segments. The insu¬ 
lation should be analyzed for an indication of overheating, excessive dryness, move¬ 
ment, and so on. Figure 10.4 shows the armature of a shaft-mounted exciter of a turbo¬ 
generator. 

Exciter-Drive Motor Cleanliness and Stator Condition. On some large 
turbo-generators, the excitation is drawn from independently driven dc generators. The 



Fig. 10.5 Squirrel-cage rotor belonging to the induction motor driving the exciter of a 
large turbo-generator. 



672 


AUXILIARIES INSPECTION 


drivers of these machines are induction motors with ratings up to several thousand 
horsepower. These high-rating motors are not available as off-the-shelf purchased 
equipment. Therefore, a catastrophic failure of such a motor may paralyze a major 
generating unit for long periods of time. To avoid these costly outages, the exciter’s 
driver should receive the same attention as the main unit, although this is seldom the 
case. Inspection of the driver’s stator is made along the lines of the items discussed in 
Chapter 8 for the main unit. 

Exciter-Motor Rotor. Practically all exciter electric drivers are of squirrel-cage 
construction. This is a very rugged and reliable rotor. The major point for inspection is 
the integrity of the joints between the rotor bars and the short-circuiting rings. Any 
signs of discoloration due to high temperature should be investigated. See Figure 10.5 
for such a squirrel-cage rotor. 

Field-Discharge Resistor. In many turbine-driven generators equipped with 
breakers in the main field leads, the field is discharged across an external resistor when 
the main field breaker is opened. The resistor eliminates the high voltages induced in 
any large inductance when the current flowing through it is abruptly interrupted. From 
time to time, the integrity of this resistor should be confirmed by inspection. A bad re¬ 
sistor can be the cause of expensive field-winding repairs. 




GENERATOR 
MAINTENANCE TESTING 


For the purpose of this chapter, generator maintenance testing refers to tests that are 
done generally offline or for some special condition, as opposed to online testing, 
which is actually a form of monitoring for diagnostic purposes while the generator is 
producing power. However, there are certain online tests that are done and classified as 
testing rather than monitoring, because they are not done on a full-time basis, meaning 
continuously monitored. Those types are discussed in this chapter as well. 

Tests on large turbo-generators are a very serious business. Improper testing or test 
preparation can cause expensive unnecessary losses to the machine and expose the per¬ 
sonnel to lethal dangers. Hence, tests must be carried out only by well-trained profes¬ 
sionals, following all relevant and applicable rules and standards. 


11.1 STATOR CORE MECHANICAL TESTS 

11.1.1 Core Tightness 

Stator cores can become loose from vibration and thermal cycling. If they do, then 
there is concern for interlaminar fretting of the insulation coating on the individual 
laminations. Loss of the interlaminar insulation can cause shorts and local overheating 
of the core. To ensure that the core is tight, a stator core tightness test can be done 
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when the rotor is removed. The test is done by inserting a thin, tapered, and hardened 
steel knife blade between laminations to determine the degree of looseness in the stator 
iron (Fig. 11.1). 

This test requires some experience to get a “feel” for what is or is not loose. How¬ 
ever, in general, one should only be able to get the knife blade just into the core, if at 
all, and not be able to push it any distance inward, in the radial direction. 

The testing should be repeated all around the circumference of the stator bore, and 
over the full length of the core, in random locations. Particular attention should be paid 
to the core ends, as this is where the majority of loosening generally occurs. 

When looseness is found in the core, there are numerous methods available for rem¬ 
edying the situation. These include localized core stemming with shaped epoxy-glass 
inserts, retorquing of the core, and so on, up to restacking of the core iron. 


11.1.2 Core and Frame Vibration Testing 

The maximum vibration of the stator core and core frame should be less than 50 p,m 
(about 2 mils) peak to peak (unfiltered), with no natural resonance within the frequen¬ 
cy ranges of 50-75 Hz and 100-140 Hz for 60 Hz systems, and about 40-65 Hz and 
80-120 Hz for 50 Hz systems. The problems associated with high vibrations are pre¬ 
mature stator core interlaminar and stator winding insulation wear, and structural prob¬ 
lems of the core and frame. To maintain low vibration and avoid problems, it is best to 



Fig. 11.1 Stator core tightness testing by the knife insertion method. 
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have a tight core and to have good mechanical coupling between the core and frame. 
This ensures that no wear occurs between the two components at the keybars. Low ab¬ 
solute vibrations and low relative vibration between the core and frame, with the two 
components in phase, is a good indicator that the core and frame structure is sound. 

Testing can be done offline or online. However, for either type of test, vibration 
transducers (accelerometers) must be mounted on the core and frame, inside the ma¬ 
chine. This includes the stator center, both ends, and locations on the circumference 
based on the nodal vibration patterns of the stator (four nodes for two-pole machines 
and eight nodes for four-pole machines). The vibrations are generally measured in the 
radial and tangential directions when looking toward the end of the machine. In addi¬ 
tion, it is desirable to use a number of portable, magnetic-based transducers, which 
may be moved around the outside of the generator casing, to ensure complete analysis 
of the machine. 

Offline testing is not generally done unless there is a known problem with core and 
frame vibration. The excitation source must be artificially applied in this method, and 
there are a couple of ways to accomplish this. One is to simply strike the frame with a 
heavy rubber hammer and measure the frequencies at which the vibrations peak. How¬ 
ever, this does not usually produce a significant result because the stimulus is so small. 
The other method is to attach a shaker device to the frame to stimulate the stator at a 
fixed frequency, and then measure the frequencies at which the vibrations peak. The 
shaker method generally produces good results because there is a significant stimulus 
and it can be controlled. The problem with this type of testing is that it does not give an 
accurate picture of the true vibration of the core and frame in operation. 

Online testing is generally the best way to get a complete vibration analysis of the 
core and frame. With online testing it is possible to look at all operating modes of the 
stator and determine which parameter has the most influence on vibration. During test¬ 
ing, the variable parameters are stator current, field current, hydrogen pressure, and 
hydrogen temperature. In some cases, it has also been useful to valve out individual 
hydrogen coolers, successively, to change the cooling pattern and determine its effect 
on the core and frame vibration. 

When core and/or frame vibrations are present, it is necessary to determine if the vi¬ 
brations are most prevalent on the core or frame, and if the two components require 
better coupling to each other. The possibilities of what may be found on any individual 
machine are too vast to cover here. However, as a rule of thumb, it is often found that 
the core and frame will have a natural frequency that is too close to the forbidden 
zones, and that they do require some artificial means to ensure better mechanical cou¬ 
pling between the two. In such cases, vibration damping is also usually required. When 
trying to dampen excessive vibrations, there are two methods employed. The first 
method requires adding mass to lower the natural frequency. The second method en¬ 
tails stiffening the structure to raise the natural frequency. Adding mass can be diffi¬ 
cult if there is no good place to attach it, and stiffening can sometimes cause problems 
with overstressing the frame welds, causing them to crack. 

Stator core and frame vibration problems are very complex to analyze, and even 
more complex and expensive to solve. They should be addressed on a machine-to-ma- 
chine basis, as each case will be unique. 
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11.2 STATOR CORE ELECTRICAL TESTS 
11.2.1 EL CIO Testing 

The EL CID (ELectromagnetic Core Imperfection Detector) technique was originally 
devised as portable test equipment for inspection and repair of rotating electric ma¬ 
chine stator cores. It was devised as a low excitation power alternative to the high 
power level stator core flux test, for looking for stator core interlaminar insulation 
problems. Its application has been shown to be applicable to turbine generators, hy¬ 
draulic generators, small generators, and large motors. The subject of this book, how¬ 
ever, is confined to the class of large two and four pole, round-rotor machines, com¬ 
monly referred to as turbine-driven generators. The information contained in this 
section is a brief discussion of the EL CID test technique and basic interpretation of re¬ 
sults. 

Traditionally, stator core interlaminar insulation testing has been done using the 
“ring” or “loop” flux test method, in which rated or near-rated flux is induced in the 
stator core yoke. This in turn induces circulating currents from the faulted area, usual¬ 
ly to the back of the core at the core-to-keybar interface (Fig. 11.2). These circulating 
currents cause excessive heating in areas where the stator iron is damaged. The heat 
produced is generally detected and quantified using established infrared techniques. 
This method has been proved to be successful over the years, but it requires a large 
power source and considerable time, manpower, and resources to complete. 



Interlaminar Fault 

Fig. 11.2 Stator core fault current path from fault to core back at the keybars, by in¬ 
duced flux. (Courtesy of ADWEL International.) 
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Starting in the early 1980s, the EL CID test has been developed as an alternative to 
the ring flux test. The technique is based on the detection of core faults by measuring 
the magnetic flux resulting from the current flowing in the fault area, at only 3 to 4% 
of rated flux in the core. Furthermore, the test usually requires only two or even one 
man to complete (using the latest version) in less than one eight-hour shift. 

EL CID Test Procedure. The level of excitation needed to produce the desired 
flux in the stator core-back area is generally determined by a combination of the stator 
design parameters and the power supply available to achieve the required flux level. 
For most generators, the standard 120 V ac (North America, etc.) or the 230 V ac (Eu¬ 
rope, etc.) outlet, with a current capacity of 15 to 20 amp, is usually adequate. 

The characteristics of most stators are such that four to seven turns of a #10 AWG 
insulated wire (2.5 mm^) can be used to carry the excitation current for the test. The 
winding is then energized to the required volts per turn to produce approximately 3 to 
4% of rated flux, usually corresponding to around 5 volts per meter across the stator 
iron. A Powerstat or Variac is best used for voltage and supply current control. 

The signal-processing unit of the EL CID test equipment measures detected fault 
current (in quadrature mode) in milliamperes. By theory and experimentation, a mea¬ 
surement of at least (100 mA is required at 4% excitation of the core before it is con¬ 
sidered that the core has significant damage affecting the interlaminar insulation. 

The excitation winding and power supply are set up during the test as shown in Fig¬ 
ure 11.3. The EL CID equipment is set up as shown in Figure 11.4 (original analog set) 
and Figure 11.5 (newer digital set). 

In the older analog sets, a separate coil is placed in the bore over undamaged iron, 
as shown in Figure 11.4, to supply the reference signal. In the newer digital version, a 
CT (shown in Fig. 11.5) is placed around the excitation winding to reference the sup¬ 
ply signal. The CT was also an option on later analog sets. The digital equipment uses 
a laptop computer to store the axial traces, whereas a plotter was used in the original 
version. 

The sensor head (chattockpotentiometer) is pulled axially along the core at a speed 
slower than one meter every twenty seconds and always bridging two stator teeth, as 
shown in Figure 11.6. (The slower speed is important, as the standard chattock coil has 
a magnetic sensing area of only 4 mm diameter, and both the digital and analog sys¬ 
tems have a definite time needed to record the phase/quad signals to sufficient resolu¬ 
tion. The digital set records the phase and quad values every 2 mm. Any faster testing 
results in some missed test points with the digital system or potential inaccuracy due to 
settling time with the analog system). 

The fault current signal is read directly off the signal processor meter and input to 
a computer or chart recorder to trace out the readings as a function of the axial posi¬ 
tion along the stator core. When the sensor head is over undamaged iron, the meter 
should read zero if it was calibrated previous to the test for a condition in which no 
fault current is circulating. In actual practice, no insulation system is perfect, and 
some background signal is usually detected. In addition, the contact resistance of the 
core-to-keybar interface is not zero and can be found to vary between near 0 to 2 
ohms. This also affects the EL CID signal that is measured. Usually, anywhere from 
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Fig. 11.3 Excitation winding and power supply setup for EL CID testing. 


a 0 to (20 mA EL CID signal (in quad mode) is found to be normal when a good 
core is tested. 

The EL CID test is somewhat similar to the rated flux test in which the undamaged 
iron slowly heats up, producing a background level due to eddy current losses in each 
laminations. During flux testing, this is recorded as the ambient core temperature rise. 
Where there is damaged or deteriorated core insulation, the core overheats and is de¬ 
tected as a hot spot above the core ambient temperature due to high fault currents cir¬ 
culating locally. 

In the EL CID test, when the sensor head is placed over damaged core areas, the 
primary indication of a fault is obtained by detecting the flux produced by a current 
flowing in phase quadrature with respect to the excitation magnetizing current (the 
phase current). This flux is then converted back to an indicated current (the quad cur¬ 
rent) assumed to be flowing in the fault (Fig. 11.7). For this reason, the quad current 
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Excitation winding 

Loop cable 



Fig. 11.4 Original analog EL CID equipment setup for testing large turbogenerators. 
(Courtesy of ADWEL International.) 


detected by the EL CID processor is frequently referred to as the fault current (al¬ 
though for large faults the phase current may be affected as well, especially when the 
fault current path is highly inductive). The quad current is indicated on the signal 
processor meter and the traces recorded on the plotter (original analog EL CID equip¬ 
ment) or computer (newer digital EL CID equipment). 

EL CID Experience. The EL CID test has proved to be extremely reliable in de¬ 
tecting and locating core problems. It can cut the time and manpower required for core 
testing to within one eight-hour shift, whereas a flux test may have taken a few days to 
set up, and then a day to test, and another day to dismantle the test equipment. 

In the large majority of the EL CID tests on turbo-generator machines, experience 
has shown that EL CID is very reliable in determining that actual core faults or inter¬ 
laminar insulation deterioration exist. In other words, if a core defect exists, then EL 
CID is likely to find it. Then, if the core is indicated to be defect-free by an EL CID 
test, there is a very high probability that it actually is free of defects. 

Large signals may be found at tooth-top locations on the core and only indicate a 
significant surface fault. Local surface faults are generally indicated by faults that 
show very localized signals, either high or low in magnitude and positive in polarity, if 
within the test coil span (assuming the standard EL CID test setup). Deeper faults can 
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Fig. 11.5 Digital EL CID equipment setup for testing large turbo-generators. (Cour¬ 
tesy of ADWEL International.) 



Fig. 11.6 EL CID sensor head (chattock potentiometer) basic circuit. (Courtesy of AD¬ 
WEL International.) 




11.2 STATOR CORE ELECTRICAL TESTS 


681 



Fig. 11.7 EL CID sensor coil (chattock potentiometer) winding voltage and induced 
current is proportional to the current flowing in the fault. The iron portion of the circuit 
is neglected due its low magnetic reluctance compared to air. (Courtesy of ADWEL In¬ 
ternational.) 

generally be seen over a larger scanning area, and also often become opposite in polar¬ 
ity as the sensor head gets away from the fault area. This is because the fault is outside 
the flux path of the chattock coil sensing the fault current, and the magnetic potential 
difference is reversed. 

Figure 11.8 shows a general basic interpretation of the EL CID signals that can be 
expected to be seen based on fault location. The magnitudes in Figure 11.8 are only 
relative to one another to give an idea of what might be expected for faults of roughly 
the same severity at different locations. The peaks, and widths of the peaks, will vary 
from fault to fault as their size varies, and as they are more or less severe. 

Attempts have been made to correlate EL CID signal readings to temperatures that 
would be created in the defect area during a flux test. The basic premise of the EL CID 
test significance level of ±100 mA is that this level represents a 5 to 10°C temperature 
rise, as seen in flux tests, and, therefore, it is just at the level of temperature rise at which 
most OEMs and experienced stator core experts should carry out repairs to the core iron. 

There are a number of issues that make questionable the assumption that correlates 
EL CID’s signal to temperature. First, many core testers carry out flux tests at widely 
differing flux levels. Some prefer to test at 100% of rated flux level, whereas others 
test at about the 80% level. Different operators also apply the flux test over widely 
varying time periods. Yet, by all indications, all seem to work on the same temperature 
rise criteria. Obviously, a 10°C rise at 100% of rated flux is much less significant than 
at 80% of rated flux. This is because the 80% level is generally at the knee of the B-H 
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D • 

Fig. 11.8 EL CID signal interpretation of surface and deep faults. 


curve (relationship between flux density and ampere-turns per meter) and the curve is 
exponential. Increasing to 100% when the temperature rise is already 10°C will in¬ 
crease the temperature in the fault. 

There is also the influence and undetermined significance of core-to-keybar contact 
resistance at the back of the core. The concern here is that the resistance can be gener¬ 
ally measured to vary from nearly 0 to 2 ohms, which will affect the EL CID signal as 
well as the temperature measured during the flux test. 

For the low flux levels of the EL CID test, the core-to-keybar contact resistance 
may be quite significant. This is one of the unknowns for which there is little data one 
way or another. But it should be noted that on ungrounded cores (i.e., cores with insu¬ 
lated keybars and infinite core-to-keybar contact resistance), the EL CID and the flux 
test are both ineffective unless there are two faults in proximity that allow circulating 
current to flow and hence be detected by either test. This has been proven by tests done 
on ungrounded cores, where single faults do not show up until the core is artificially 
grounded at the back near the keybar behind the location of the fault. 

Generally, there is only one keybar that is grounded on such core arrangements (for 
purposes of the stator ground fault relay), and the testing for single faults is effective in 
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that lamination region only. To test such a core arrangement by either EL CID or flux 
test, the core must be purposely grounded at the back, between every keybar circum¬ 
ferentially, and on every lamination axially. One can easily see the difficulty in this, as 
this arrangement is not even possible on most stator designs, because of the frame con¬ 
struction. One has to consider this possibility when purchasing a new stator. If a single 
core fault occurs, then the insulated core may allow operation where the grounded core 
would fail based on the progression of the fault. However, if a second fault occurs in 
the same proximity, then a much more severe fault may occur and go undetected until 
the effect of the failure causes additional collateral damage, which takes the machine 
out of service. This is generally a matter of user preference and both philosophies are 
sound, each in its own way. 

In addition, there is the problem that core faults can manifest themselves in many 
forms and levels of severity. It is not uncommon for a surface iron smudge to show 
a very high EL CID signal and yet not produce much heat when looked at under in¬ 
frared light in a flux test. The opposite is true as well. It is not uncommon for an EL 
CID signal that is not much higher than the manufacturer’s recommended signifi¬ 
cance level to produce significant heat. In particular, with very small faults on the 
surface where EL CID does not produce a significant signal, there are sometimes 
high-spot temperatures detected by infrared light, but there is insufficient power to 
cause damage. 

One advantage is that EL CID can detect deep-seated faults, which may often not 
show as particularly large temperature rises on the surface but can be damaging to the 
body of the core or adjacent conductor bar insulation. This is due to the fact that the at¬ 
tenuation of EL CID signals is generally less than the attenuation of temperature rises 
with depth of fault. 

The difficulty in correlating EL CID and flux test temperatures, therefore, comes 
from many issues as stated above and a number of other possible influences as listed 
below: 

• Core-plate grade (i.e., grain oriented vs. nonoriented steels) 

• Lamination insulation grades 

• Axial length of the fault 

• Total size of the fault 

• Electrical resistance of the interlaminar fault (i.e., deteriorated or fretted insula¬ 
tion type damage as opposed to hard-contact, low-resistance type faults) 

• Geometry differences in core structure from one machine to another 

• Limitations of the earlier EL CID test equipment, in relation to the size of the 
chattock coil itself and the relative size of any fault being measured. (Current 
standard Chattock coils have only a 4 mm diameter magnetic sense area and, 
thus, are able to detect very small faults, particularly, if the suspected fault area 
is investigated/scanned slowly enough.) 

All these issues can significantly affect both the observed EL CID signal and the 
temperature produced during a flux test. Some are better known and quantified than 
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others. Trying to correlate temperatures to EL CID signals under so many variables is 
difficult, unless all of these parameters can be taken into account. In other words, the 
core under test must be well known to be able to make such a correlation. 

There is one other factor regarding EL CID signal interpretation that has to do 
with readings taken in the phase mode, as opposed to the normal quad mode reading 
that Figure 11.8 is based on. Basically when a stator has, for example, four turns of 
an excitation winding and is carrying 12 amperes, then it has an excitation level of 
48 ampere-turns (A-T). When the EL CID signal processor is set to phase mode and 
a reading is taken from tooth center to tooth center across one slot, a signal of 1 am¬ 
pere (48 A-T divided by 48 slots) should be read. Generally, for most fault areas this 
is the reading that will be evident. However, in some cases, much higher current is 
read in the phase mode than the simple magnetic potential based on excitation and 
slot geometry. One of the things that has been seen when this type of situation occurs 
is that very high quad readings are often also present, and the fault is usually at the 
bottom of the slot or in the core yoke area. Correspondingly, there is not always 
much heat given off during flux testing, and the two tests do not always correlate 
when this occurs. There is very little experimental data on this point and, again, it 
shows that some uncertainties remain in interpretation of EL CID test results. It is be¬ 
lieved that phase readings are also significant and should be factored into the test in¬ 
terpretation. Just what that interpretation should be is unclear to date, due to the dif¬ 
ference in faults from case to case. 

For the test interpreter, probably the main difficulty is knowing nothing about the 
core under test or the type of fault found. The core defect is often not visible and, thus, 
the tester is confounded in trying to determine is how deep it is and how severe it is. 
The general consensus of the people surveyed on this issue is that, more often than not, 
they cannot tell how severe a detected fault is and must depend on a flux test with an 
infrared scan in making that determination. The ring flux test remains the best test to 
determine the actual temperature rise of any fault, and whether repairs are required. If 
the fault is suspected to be deep seated from the EL CID test result, the ring flux 
thresholds should be appropriately adjusted. Once the core is repaired, an EL CID test 
can usually show that the repair is successful by the absence of a defect signal. This is 
perhaps the real benefit of EL CID testing. 

There seems to be general consensus that if an EL CID test is performed and no 
damage is found, then the core is defect free. EL CID has gained good credibility in its 
ability to determine and locate the presence of faults, and to verify successful repairs 
of faults. The general consensus also is that more work is required on EL CID signal 
correlation with temperature rise in fault locations. 

The general opinion to date is that both the EL CID and flux testing together are 
still required to provide the best information on any core defect found. 


11.2.2 Rated Flux Test with Infrared Scan 

The rated flux test is a high-energy test used to check the integrity of the insulation be¬ 
tween the laminations in the stator core. It is also commonly referred to as the ring flux 
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test, in which near-rated flux (normally about 80%) is induced in the stator core yoke. 
This in turn induces circulating currents and excessive heating in areas where the stator 
iron is damaged (Fig. 11.2). The heat produced is detected and quantified using estab¬ 
lished infrared techniques. 

It should be noted that there are differing rationales about the level of flux that 
should be used for stator core testing. Some test at 100%, whereas others test as low as 
60%. The lower value requires more time for the core to heat up and, thus, show a 
fault, but it is thought to be less likely for a fault to run away to failure at lower levels 
due to lower excitation voltage and less heat induced. The higher flux level rationale is 
that some faults may not be seen at lower excitation levels and that there is reasonable 
degree of control so that a fault in unlikely to run away during the testing. And further, 
if a fault were to progress to a major failure during testing, it would probably be near 
failure in service. The 80% level is a middle ground between the two schools of 
thought. 

Flux is produced in the iron by looping a cable around the core in toroidal fashion 
(Fig. 11.9) and circulating a current at operating frequency. The flux required for the 
flux test is half the normal operating flux due to the difference in the way the flux is in¬ 
duced in operation (Fig. 11.10) from that of the flux test (Fig. 11.11). 

The power supply for the cable is usually taken from two phases of one of the high- 
voltage breakers (e.g., 4 kV) in the plant, or a portable motor generator set. The correct 
number of turns are looped around the core to produce the required level of flux. IEEE 


Flux 

test 

cable 

wrapped 

around 

core in 

toroid 

fashion 



Fig. 11.9 Fiux path during fiux testing. 
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Std 432 [11] provides the following expression to find the rated volts per turn required 
on the stator core: 


Voltage per turn of test coil = 2\/2K N 

where 1.05 has the +5% terminal voltage factored in and 
Fll ^ line-to-line voltage 
= winding factor 

N = number of turns per phase in series in the stator winding 

As the equation shows, the available power supply voltage is divided by the calcu¬ 
lated volts per turn above to give the correct number of turns to loop through the core. 
If the number of turns includes a fraction, then the next highest number is used, to re¬ 
duce the flux level to below 100% or below rated. Using too high of a flux level can 
create core damage, since there is no cooling on the core during the test. 

The voltage per turn required for a flux test can also be determined once the ma¬ 
chine flux per pole pair is know from the equation given in Section 2.4. This is calcu¬ 
lated as follows: 


Flux volts per turn = / 

Once the number of turns is known, the current capacity is required to size the cable 
and ensure the power source can handle the current that will be drawn. Knowledge of 
the specific B-FI characteristic of the subject core being tested is required for this. It 
cannot be stressed enough that the exact B-H characteristic of the stator core should be 
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Fig. 11.11 Flux density in the core behind the slot during a flux test is a function of 
flux per pole pair divided by 2 (from Fig. 11.10) over the effective core iron area. 


known in relation to the flux volts per turn as well as the current required from the 
power source (Fig. 11.12). In many instances it is unknown and, therefore, the number 
of ampere-turns required must be estimated based on industry curves for the most like¬ 
ly grade of core plate that will be used in the machine under test. A higher-end and 
lower-end core-plate grade are usually selected to provide a range of possible operat¬ 
ing characteristics for the subject core. These are selected to provide a range of possi¬ 
ble excitation requirements, based on B-H curves taken from small and large turbo- 
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Supply Amps 

Fig. 11.12 B-H curve example showing the flux volts per turn, the percentage of rat¬ 
ed flux, and the number of turns versus supply current. 


generator applications. It should also be noted that it is not always enough to know the 
B-H curve characteristics of a machine. The overall B-H characteristic of the stator 
core as an assembly is more preferred to have for flux testing as this takes into account 
the specific reluctances introduced in the build of the stator core from such things as 
air space between laminations and core-plate insulation thickness, etc. 

From the winding configuration for the subject generator, the power supply avail¬ 
able, and the B-H curves, an estimate can be made of the number of turns required to 
achieve the required level of flux for the test. This is generally in the 70 to 90% range 
of rated flux. The current that would be flowing in the flux cable will depend on the ac¬ 
tual B-H characteristic of the stator iron as an assembled stator core (as mentioned 
above) and, therefore, this must be carefully estimated for safety of both personnel and 
the equipment. When the B-H curve of the machine is in doubt, adding a higher num¬ 
ber of turns will reduce the level of flux. Then one successively removes turns and 
records the current attained as the flux volts per turn increases. Successive voltage ap¬ 
plication in this manner can be made until a B-H curve is created and the proper num¬ 
ber of turns found (Fig. 11.12). 

At this point, an example for the flux test calculation is useful due to the dangerous 
nature of the test. It is critical to get the excitation level correct because if the wrong 
level is calculated and it is above 100% of rated flux, damage to the stator core iron is 
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likely. Also, personnel safety is a concern if the cable is not sized correctly for the cur¬ 
rent that will be drawn from the voltage supply. Generally, when the excitation cable is 
energized there is usually no voltage control and a simple breaker closure is used as the 
switch to start and stop the test. When the breaker is closed to start a flux test, the in¬ 
rush can cause voltage spikes up to 20 times steady state, in addition to the high cur¬ 
rent from the source. 


Flux Test Example. The following example is for a 500 MW, two-pole stator, 
using the machine flux and winding factor formulas from Section 2.4, where (for the 
example stator core): 

Kll = 22,000 line-to-line terminal voltage 
k = two parallel paths per phase 
/= 60 Hz 

Aph =14 stator winding turns per phase 

# slots = 42 

# phases = 3 

For the winding factor k^, the parameters are as follows: 

j3 = 77-/3 phases = tt/3 
p = 42 slots/2 poles/3 phases = 7 
y = 77/(42 slots/2 poles) = 7r/21 

p = stator winding pitch (from winding diagram) = 17/21 
Working out the winding factor. 


= distribution factor, x pitch factor, 




sin(/3/2) 
ri sin(y2) 
sin(77/6) 

7 sin( 77/42) 


ipir/l) 

X sin( 17 77/42) 


= 0.9134 


Plugging all the above parameters into the machine flux formula then gives 

Fll^ 22,000 X 2 


Machine Flux, <1> = 


7.77.7 X 60 X 0.9134 x 14 


= 7.46 webers 


Once the level of machine flux is known, the flux volts per turn required can be cal¬ 
culated as follows: 


277 / dt 


Rated flux volts per turn = /( W ) ^ WG ^ 60 x 7.46 = 944 volts per turn 


V2 



690 


GENERATOR MAINTENANCE TESTING 


Once the flux volts per turn is known, the power supply must be chosen such that it 
can supply both the required voltage and the amperes to provide an approximately 
80% rated flux test. In most cases, this is usually a 4 kV circuit breaker with high am¬ 
pere capacity. Given that the supply available in the example is a 4 kV circuit breaker, 
the number of turns of cable to wrap around the core is calculated by dividing the sup¬ 
ply voltage (4,160 volts) by the flux volts per turn (994 volts per turn in this example), 
which results in approximately 4.2 turns for a 100% rated flux test. Since the number 
of turns cannot be a fraction, the next-highest single digit number is used. This would 
be 5 in the example. If the supply voltage of 4,160 volts is now divided by the number 
of turns, 5, then the flux volts per turn for a 5 turn test would be 832 volts. To now de¬ 
termine the level of flux for a 5 turn test, divide 832 volts by the rated flux volts per 
turn of 994 volts and the flux level is 83.7% of rated flux. This level of flux is consid¬ 
ered ideal for test purposes. 

The next issue is to determine the amount of current that will be drawn from the 4 
kV supply so that an adequate 4 kV supply breaker can be selected in the plant as well 
as now being able to determine the size of the excitation cable for the test. To deter¬ 
mine the amperes required from a B-H curve such as the one shown in Figure 11.12, it 
is first required to determine the flux density B. The flux density is calculated as the 
machine flux divided by 2 (F/2), all divided by the area of the back of the core (SL x 
CB) from Figure 11.11: 

Therefore, the flux density for the example is, 

<l)/2 7.46/2 

Flux density, B =-=-= 1.27 webers/m^ (tesla) 

SL X CB 6.38 X 0.46 

where SL = effective stator iron length (total length minus all vents) 

= 6.38 meters (for the example stator) 

CB = length from slot bottom to core back 
= 0.46 meters (for the example stator) 

DSsb = diameter of stator at slot bottom 
= Dr + 2AG + 2ST (see Fig. 11.13) 

= 1.1 + (2 X 0.079) +(2 X 0.197) 

= 1.652 meters (for the example stator) 

The next step in the calculation is to look up the ampere-tums per meter (H) on the 
B-FI curve, that corresponds to the calculated value of flux density {B), 1.27 we- 
bers/m^. In the particular example, the B-H curve gives a value of about 690 AT/m 
(Fig. 11.13). 

Since flux takes the path of least resistance in the iron circuit, the distance that the 
flux travels in a flux test is basically the circumference of the stator at the slot bottom. 
This distance is the sum of the rotor diameter plus twice the airgap length plus twice 
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Fig. 11.13 B-H curve for example 500 MW, two pole stator. 


the length of the stator tooth, times tt. From Figure 11.11, this length is equal to (Dr + 
2Ag + 2St)7r = TrDSsb- The ampere-tums per meter from the B-H curve are approxi¬ 
mately 690 AT/m. Therefore, the magnetomotive force required to push the rated flux 
around the stator circumference at the slot bottom is MMF = H x ttDSsi, = 690 AT/m 
X TT X 1.652 = 3,581.0 AT. And subsequently dividing this result by 4.2 (calculated rat¬ 
ed turns) gives 852.6 amperes required from the 4 kV supply to produce a 100% rated 
flux test. However, the 5 turn test produces an 83.7% flux test and, therefore, the flux 
density for the test is = 1.27 (rated) x 83.7% = 1.16 wb/m^. Looking this up on the 
B-H curve gives a new H of 430 AT/m. The magnetomotive force required to push 
flux around the stator circumference at the slot bottom at 83.7% of rated flux is MMF 
= 430 AT/m x tt x l ,652 = 2,231.7 AT. Dividing the MMF by 5 turns results in 446.34 
amperes from the 4 kV supply. This means that the supply must be capable of deliver¬ 
ing this level of current continuously for the test. Also, the cable to wrap around the 
stator core may now be selected and the calculated value indicates that a 500 MCM ca¬ 
ble would do the job safely. 

The flux test is set up as basically shown in Figure 11.14. The power supply is se¬ 
lected as per the above calculation and connected as shown. The cable is wound 
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through the stator bore the correct number of times and connected back to the power 
supply. Protection for the test cable is set up to provide “ground fault” and “overcur¬ 
rent.” The stator core, frame, and windings were all grounded for their protection and 
that of the test personnel. The CTs should also shorted at the terminals and ground¬ 
ed. 

Metering is set up to provide measurements of supply voltage and current. A single 
loop of cable is installed additionally to measure the actual flux volts on the stator core 
during the test. This is done to provide an accurate measurement of the induced volt¬ 
age across the core and the level of flux as well. 

In some cases an infrared-nonreflecting mirror is used to monitor the temperature of 
the stator core when angled viewing from outside the stator bore is difficult (Fig. 
11.15). The mirror provides a known surface to accurately measure the temperatures 
so that the absolute and relative rise of temperatures in the core defect areas can be 
recorded. 

Once the flux is established in the core, it is maintained for at least 30 minutes to 1 
hour. The temperature of the core should be maintained within values not significantly 
higher than those encountered during operation. Under these conditions, the tempera¬ 
ture rises in the core are monitored and recorded while the existence of hot spots is in¬ 
vestigated with infrared monitoring equipment (and, possibly, a nonreflecting mirror) 
(Figs. 11.16 to 11.18). 

The temperature rises of the “good” core areas (ambient core-temperature rise) are 


Casing 




Flux Volts 


Bore 



Watts 


Fig. 11.14 Stator core, excitation, and protection setup for a flux test of a large turbo¬ 
generator stator core. 
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Fig. 11.15 Stator core excitation setup for a flux test of a large turbo-generator stator 
core, with nonreflecting mirror for infrared applications. 



Fig. 11.16 Flux testing with direct infrared scanning of a core hot spot in the stator 
bore. 
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Fig. 11.17 Four core-end hot spots as seen in the nonreflecting mirror and directly, 
using an Isotherm level to measure the temperature of the defects. 






Fla. 11.18 Same core-end hot spots seen by zooming In with the infrared camera on 
the nonreflecting mirror. 
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then compared to the temperature rise profile of any defective locations found. Once 
the defects are located and characterized, repair solutions can then be addressed. 

Figure 11.19 shows the relative experience in the industry with the typical types 
of core faults encountered, and how they appear during flux testing. It should be not¬ 
ed that these are general examples and may not be the case for a particular core test¬ 
ed. However, they show the general trend that the large majority of faults seem to 
follow. 

11.2.3 Core Loss Test 

Stator core loss is a function of terminal voltage. The open-circuit saturation curve for 
the core iron determines it. The core loss for any particular generator is always deter¬ 
mined at the factory by the manufacturer and is not a test that is generally done at on¬ 
site. 

The core loss is determined by the generator being coupled to, and driven by, a cal¬ 
ibrated motor. The friction and windage (mechanical) losses are calculated and sepa¬ 
rated out from the electrical losses to provide a value of core loss for the stator [7]. 

If there is suspected wear of the interlaminar insulation in the core, on a large scale, 
it may be possible that a core loss test could be done to compare the present value to 
the “as new” value to determine the extent of deterioration occurring. However, the se¬ 
rious challenge of driving the generator on-site with a calibrated motor for all practical 
purposes limits this test to the OEM’s factory. 
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Fig. 11.19 Temperature rise profiles of typical core fault types during flux testing with 
infrared scanning. 
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11.2.4 Through-Bolt Insulation Resistance 

There are a few manufacturers that provide through-bolts in their stators to pull the 
cores tight. These through-bolts are full-length bolts inserted axially through the core 
through holes in the core iron. There are many of them located symmetrically around 
the circumference of the core, a few inches below the stator winding slots. The ends 
are threaded and terminated at each end through a pressure plate, where a nut is in¬ 
stalled to maintain compression after the core is pressed to a few hundred psi. 

The entire through-bolt assembly is insulated generally by a cured epoxy-glass tape 
wrap or a phenolic tube through the core, and an arrangement of insulators at the pres¬ 
sure plates and nuts. This is done to ensure that the through-bolts do not create any 
short circuits across the stator core laminations and cause a core failure due to circulat¬ 
ing currents. 

To ensure that the insulation is in good condition, the insulation resistance of the 
through-bolts is checked by meggering at 500 V dc. A good reading should be in the 
hundreds of megaohms range. 

11.2.5 Insulation Resistance of Flux Screens 

Most large generators are provided with some form of flux screening for the stator core 
end. This is to prevent overheating in the core ends due to stray flux from the stator 
end winding. When flux screens are used, they are either well ground to the stator 
frame or fully insulated from the core end to ensure that no additional circulating cur¬ 
rents flow between the core and the flux screens, which would create additional un¬ 
wanted heating in the core end. 

To ensure that the insulation is in good condition on isolated-type flux screens, the 
insulation resistance of the flux screens is checked by meggering at 500 V dc. A good 
reading should be in the hundreds of megaohms range. 


11.3 STATOR WINDING MECHANICAL TESTS 
11.3.1 Wedge Tightness 

Loose stator winding wedges allow the stator winding in the core slots to move be¬ 
cause of electromagnetic bar bounce forces and vibration. This can, in turn, cause the 
ground-wall insulation of the winding to wear and fret against the stator core iron and 
eventually fail by ground fault. Therefore, it is necessary to maintain the stator wind¬ 
ing wedges tight to avoid such problems. 

Checking wedge tightness is done by tapping with a suitable hammer (e.g., an 8 oz 
ball-peen) and recording the degree of looseness on a chart (Figs. 11.20 and 11.21). 
During the tapping, the wedge should be checked by tapping along its full length and 
feeling for the vibration as well as listening to the sound produced. Tight wedges will 
vibrate very little and emit a hard ringing sound. Loose wedges will vibrate noticeably 
and emit a very hollow sound. Wedges with vibrations and sounds in between these in¬ 
dicate that the wedge is in the process of becoming loose. It requires a trained ear and 
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Fig. 11.20 Stator winding wedge tightness testing by the manual tapping method. 


feel to determine the degree of looseness in wedges of various machines because not 
all wedging systems are alike and they do not all sound and feel the same. 

The criteria for determining when rewedging is required is well established, with 
some variation from one manufacturer to another, and from one operator to another. 
However, the following is the accepted rule of thumb. Re-wedging in a particular slot 
is required if: 

1. Less than 75% of the wedges are tight in the slot 

2. Three or more adjacent wedges are fully loose 

3. Fully loose end wedges must be retightened. 

Since the early 1980s, there have also been automated systems developed for 
wedge-tightness testing (Fig. 7.19). Such devices mechanically stimulate the wedge 
being tested and record the vibration produced from it. With some modem devices (see 
Fig. 11.22), the vibration results are input to a computer and a map is produced. 

Once a wedge-tightness survey has been performed, it is always a good practice to 
record the tightness for successive surveys of the machine, so that an estimate can be 
made of when tightening should be done. The individual surveys of a machine should 
also be compared to other identical machines in a multiunit station, since they do not 
always loosen at the same rate. This can be seen in an actual example shown in Figure 
11.23, taken from a four-unit station with identical machines; three of four generators 
tended to loosen at the same rate, whereas one loosened much quicker. 
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Fig. 11.21 Real example of a stator-winding wedge-tightness survey map showing 
tight, medium, and loose wedges. Also, the dark areas of loose wedges are shadowed 
over where rewedging during an outage was recommended and carried out. 



Fio. 11.22 Automated testing and mapping system. (Courtesy of ADWEL Internation¬ 
al.) 


Fio. 11.23 Stator-winding wedge-looseness profile record over time. This shows the 
difference between four supposedly Identical machines that did not loosen at the 
same rate. 
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11.3.2 Stator End-Winding Vibration 

High vibration on the stator end winding can cause premature winding failures. Ac¬ 
ceptable vibration limits may vary from one manufacturer to another. Generally, how¬ 
ever, a good rule is to keep the maximum vibration to less than 50 p,m (~2 mil) peak to 
peak (unfdtered), with no natural resonance within the frequency ranges 50-75 Hz and 
100-140 Hz for 60 Hz units or about 40-65 Hz and 80-120 Hz for 50 Hz units (similar 
to the stator core and frame limits). When in doubt, it is best to contact the OEM for a 
recommendation on vibration limits. 

Measurements are accomplished by vibration transducers mounted on the coil 
heads or stator bar connections at each end of the machine. Mounting is done in such a 
way that the transducers are insulated from, and noninvasive to, the electrical circuit of 
the winding. The transducers should be capable of radial and tangential vibration mea¬ 
surements. 

If permanent mounting is not possible (as discussed in Chapter 5, Section 5.5.3), 
another method is to carry out an impact frequency spectrum analysis of the end wind¬ 
ing. This is done with temporary vibration transducers mounted on the end winding 
and a calibrated impact hammer to measure the vibration signatures. This test is also 
known as a “bump” test. 

As in the stator core and frame, end-winding vibration problems are very difficult to 
diagnose and expensive to fix. They should also be addressed on a machine-to-ma- 
chine basis, as each case will present a unique situation. 


11.4 WATER-COOLED STATOR WINDING TESTS 
11.4.1 Air Pressure Decay 

The pressure decay test is probably the oldest test method for detecting leaks. The sta¬ 
tor winding is first completely dried out internally, and then pressurized up to the level 
of the generator operating hydrogen gas pressure. This provides a very high pressure 
differential and a leak direction that is normal to the operating leak direction of water. 

When pressurized to levels as high as the operating hydrogen gas pressure, a 1 psi 
pressure drop will only correspond to about 1 cu ft loss of volume. This test is, there¬ 
fore, not sensitive to small leaks and highly dependent on atmospheric conditions of 
temperature and barometric pressure. It is carried out by pressurizing the stator wind¬ 
ing to about 30 psi and watching that the drop in pressure over a 6 hour period does not 
exceed 0.1 psi. To recognize smaller leaks, the test must be carried out over a period as 
long as 24 hours using very accurate and calibrated pressure gauges. 

During pressurization, “snooping” is also used to identify leaks. This technique en¬ 
tails application of a soapy water solution to the winding in selected areas. It is gener¬ 
ally used at joints, fittings, and points that are likely sources of leaks. If a leak is pre¬ 
sent, the soapy water will bubble, indicating that the tracer gas is escaping at the 
bubble location. 

Another method of detecting leaks is to use an ultrasonic probe to listen for the 
sound created by the leaks (Fig. 11.24). 
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Fig. 11.24 Ultrasonic probe used to detect sound from air pressure test leaks. 


11.4.2 Tracer Gases 

Freon gas was, at one time, the preferred gas for leak tracing and snooping. Due to en¬ 
vironmental factors. Freon has been superseded by the use of helium gas. Helium is a 
light gas that is molecularly small in size, making it ideal for this application. In addi¬ 
tion, it is nontoxic and nonhazardous. 

The trace method involves pressurizing the stator winding with helium, or a mixture 
of air and helium. A portable helium gas detector is then used to “sniff’ over the exter¬ 
nal surfaces of the exposed portions of the stator winding for sources of helium. Obvi¬ 
ously, this method requires access to the generator internals, and even so, it is still not 
be possible to cover the entire winding by this method. Therefore, it is only one of the 
tests that are required to fully identify leak problems and locate the source. 

The helium tracer technique has been shown to be very successful in pinpointing 
stator winding leaks. 

11.4.3 Vacuum Decay 

Vacuum decay testing is very sensitive compared to pressure decay testing. It is gener¬ 
ally used to determine the leak sensitivity of the entire winding. This test has the ad¬ 
vantage that it is relatively insensitive to atmospheric conditions of temperature and 
barometric pressure. Further, it only requires a few hours of testing to determine the 
leak rate, since vacuum gauges are far more sensitive than pressure gauges. The test 
leak direction is opposite to the operating leak direction of water but normal to the op- 
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erating leak direction of hydrogen into stator cooling water (SCW). Even the smallest 
leaks will be detected by this method. The test is carried out by creating a vacuum of 
29 inches of mercury and watching that the vacuum gauge does not drop by more than 
0.2 inches of mercury over 6 hours. 

11.4.4 Pressure Drop 

The differential pressure across the stator winding from the stator cooling water inlet 
to the outlet of the generator can also be tested in the offline mode to ensure that the 
design pressure drop across the whole stator winding is at the correct level. Alterna¬ 
tively, each individual stator bar can be pressure-drop tested to estimate the stator 
cooling water flow rate in each bar, and ensure that it is above the minimum recom¬ 
mended level for adequate cooling of the stator winding. 

11.4.5 Flow Testing 

Flow checks are generally done on individual bars to determine if there are restrictions 
in the cooling water path. Both air and water have been used to accommodate this test, 
but it is usually done with water. The actual flow in each stator bar is measured to 
compare it to the design level of flow required for the particular machine being tested. 
Some flow checks are made using ultrasound techniques to monitor the flow rates. 
Low-flow bars are then noted for corrective action such as backflushing or chemical 
flushing. 

11.4.6 Capacitance Mapping 

Capacitance mapping is a nondestructive electrical test method used to identify the pres¬ 
ence of moisture in the ground-wall insulation due to stator winding leaks. The tech¬ 
nique is based on the difference in dielectric constant of the ground-wall insulation and 
that of water. All top and bottom bars are tested at both ends of the machine, providing 
an average measurement of capacitance. The measurement is made by a capacitance 
probe placed on the side of each bar. Good insulation is indicated by measurements 
falling within (2 standard deviations from the average. Measurements of capacitance 
greater than +3 standard deviations are considered suspect, and those greater than +5 are 
generally found to be wet and to fail their subsequent electrical tests. Failure of this test 
tends to indicate that the stator bar is not suitable for long-term service. 

Care must be taken when performing this test, since the capacitance measurements 
are also sensitive to the application of the capacitance probe, bar surface condition and 
coatings, grading paints, and the condition of the ground-wall insulation itself. 


11.5 STATOR WINDING ELECTRICAL TESTS 


Stator windings are comprised of materials with specific resistive and dielectric quali¬ 
ties. The materials used include mica. Dacron tapes, glass tapes, asphalt binders, poly- 
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ester resins, and epoxy resin binders. There are also insulating, resistive, and stress 
grading paints applied to various portions of the winding to ensure controlled distribu¬ 
tion of the voltage on the individual stator conductor bars. All of the materials are used 
and applied in such a manner as to ensure proper functioning and a reasonable degree 
of long-term reliability of the winding. The stator winding insulation system is com¬ 
plex and requires a variety of tests to establish its present condition and expected long¬ 
term reliability. Therefore, to fully test the stator winding, so that the best possible de¬ 
termination of the winding condition can be made, it is desirable to perform both ac 
and dc tests. 

The dc tests are generally sensitive to the presence of cracks, moisture, particle con¬ 
tamination, or a general degradation of the electrical creepage path. During dc applica¬ 
tion, the voltage is divided according to the dc leakage resistance. Basically, dc is used 
to test the conductivity of the insulation system. The dc testing has the advantage that 
it less damaging to the insulation due to the absence of corona and partial discharges 
associated with ac. 

The ac testing, on the other hand, applies a more realistic electrical stress to the 
winding, since it operates on ac when in service. When the ac test voltage is applied, it 
is actually applied across several dielectric components of the winding insulation, 
which are effectively in series. Therefore the leakage current must go through each of 
the dielectrics until it reaches ground potential. Under ac, therefore, the voltage is di¬ 
vided according to the relative permittivity of each of the dielectric materials. 

The ac testing is in fact far more searching than dc. In addition to the conducting 
properties of the insulation, ac testing is also capable of determining the loss or power 
factor characteristics and the dielectric properties. In addition, the mechanical integrity 
of the insulation can be also be determined by the capacitance characteristics of the 
winding in terms of insulation delamination. 

As with many other issues about testing the insulation of large electric machines, 
experts and operators have different opinions about whether dc and/or ac is more 
convenient. Some only prefer dc tests, others prefer ac testing and others like to use 
both. 

11.5.1 Pretesting Requirements 

If the stator winding is water cooled, it must be completely dried prior to all testing to 
obtain meaningful results. If there is stator cooling water left in the winding, it will al¬ 
ter the test results and give a distorted picture of the insulation condition. 

All three phases must be isolated to ensure that all testing is carried out on the stator 
winding only. This means that each phase should be completely separated at the neu¬ 
tral point and floated from ground. The line ends of the stator winding should be sepa¬ 
rated from the isolated phase bus (or cables in smaller units) just outside the generator, 
at the stator terminals. 

The generator current transformer windings should be shorted and grounded to 
avoid induced high voltage and possible discharge failure of the insulation. All instru¬ 
mentation leads should be grounded to also avoid induced high voltage and possible 
discharge failure of the insulation. 
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Before conducting any high-voltage testing of the unit, consult vendor and/or perti¬ 
nent standards. 

11.5.2 Series Winding Resistance 

This test is used to measure the ohmic resistance of the copper in each phase of the sta¬ 
tor winding. Given the relatively low dc series resistance of windings of large ma¬ 
chines, the measurement accuracy requires significance to a minimum of four decimal 
places. 

The purpose of the test is to detect shorted turns, bad connections, wrong connec¬ 
tions, and open circuits. Acceptable test results consist of the three resistance values 
(one per phase) to be balanced within a 0.5% deviation from the average. 

The test is very sensitive to differences in of temperature between sections of the 
winding. The machine should be at room temperature when the test is performed. 

As with any other electrical test, the results should be compared with original facto¬ 
ry data, if available. This test can be performed on stator and rotor windings. 


11.5.3 Insulation Resistance (IR) 

The purpose of this test is to measure the ohmic resistance between the conductors in 
each of the three phases and ground (i.e., the stator core). This test is generally regard¬ 
ed as an initial test to look for gross problems with the insulation system, and to ensure 
that further high-voltage electrical testing may “relatively” safely continue, in terms of 
danger of failing the insulation. 

Normally, the measurements of IR will be in the megaohm range for good insula¬ 
tion after the winding is subjected to a dc test voltage, usually anywhere from 500 to 
5000 V, for one minute. The minimum acceptable reading per IEEE Standard 43 [4] is 
(VLL in kV +1) Mid. The test is carried out with a megger device. However, resis¬ 
tance bridges may also be employed. 

The dc test voltage level is usually specified based on the operating voltage range of 
the machine, the particular component of the generator being tested, operator’s policy 
and previous experience, and knowledge of the present condition of the insulation in 
the machine. Although the readings obtained will be somewhat voltage dependent, this 
dependency becomes insignificant for machines in which the insulation is dry and in 
good condition. It is essential that water-cooled stator windings be completely dried 
before any testing so that any poor readings will be due to a “real” problem and not to 
residual moisture from the stator cooling water. 

The readings are also sensitive to factors like humidity, surface contamination of 
the coils, and temperature. Readings should be corrected to a base temperature of 40°C 
by the following equation: 


R(40°c) = i:x/?„XC) 

Where K is a temperature-dependent coefficient that can be obtained from IEEE Std. 
43 (Fig. 11.25). 
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Fig. 11.25 insuiation resistance versus winding temperature curve (courtesy of EPRI). 


The following equation can be used to obtain K to some degree of accuracy in lieu 
of the graph: 


A" = 0.0635 X exp[0.06895 x T^easurement (m °C)] 

Insulation resistance tests are performed on both stator and rotor windings, core-end 
flux screens, and core compression or through-bolts as mentioned previously. 
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The insulation between the core-end flux screen and the stator core-end iron en¬ 
sures that the flux screen maintains its capability to shield the core-end from axial flux, 
and keep the resulting circulating currents within the flux screen, without providing a 
current path to the core. 

The insulation between core-compression bolts and the iron keeps the through-bolts 
from short-circulating the insulation between the core laminations. Otherwise, large 
eddy currents generated within the core would produce heat and temperatures, which 
could further damage the interlaminar insulation, as well as the insulation of the wind¬ 
ings. Figure 11.26 shows typical IR behavior as a function of time. 

11.5.4 Polarization Index (PI) 

Insulation resistance is time dependent as well as being a function of dryness. The 
amount of change in the IR measured during the first few minutes depends on the insu¬ 
lation condition and the amount of contamination and moisture present. Therefore, 
when the insulation system is clean and dry, the IR value tends to increase as the 
charge is absorbed by the dielectric material in the insulation. When the insulation is 
dirty or wet or a gross insulation problem is present, the charge does not hold, and the 



Fig. 11.26 Insulation resistance as a function of time and dryness. (Courtesy of EPRI.) 
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IR value will not increase because of constant leakage current at the problem area. 
Therefore, the ratio between the resistance reading at 10 minutes and the reading at 1 
minute produces a number or “polarization index,” which is essentially used to deter¬ 
mine how clean and dry the winding is (Fig. 11.27). 

Class B and F windings tend to show higher PI values than windings made of class A 
insulation. The PI value is also dependent on the existence of a semiconducting layer. 
The recommended minimum PI values are as follows: 

Class A insulation: 1.5 
Class B insulation: 2.0 
Class F insulation: 2.0 



Time (minutes) 


Fig. 11.27 Poiarization index curves for insulation resistance as a function of time. 
(Courtesy of EPRi.) 
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The same megger used for the IR readings should be used to determine the PI. The 
PI readings should be done on a per-phase basis at the same voltage as the IR test, and 
can be used as a go/no-go test before subjecting the machine to subsequent high-volt¬ 
age tests, either ac or dc. The IR readings for the PI test should also be corrected to 
40°C as in the IR test. Performing the high-voltage tests on wet insulation may result 
in unnecessary failure of the insulation. 


11.5.5 Dielectric Absorption during dc Voltage Application 

Dielectric absorption current characteristics can be used to measure the aging of the 
resin binder in the ground-wall insulation. When applying dc voltage to insulation ma¬ 
terial, a time-dependent flow of current is established. This current has a constant com¬ 
ponent, called the conduction current or leakage current, and a transient component, 
called the absorption current. 

Absorption current is a function of the polarization of the molecules in the binding 
material. The older the binding material, the more polarized it becomes, and the more 
absorption current flows. Therefore, this test is best used as a comparison test between 
the winding condition at different times, and between similar windings. 

Absorption current is also temperature dependent. This fact should be taken into 
consideration when performing the test and interpreting the results. 

Absorption current is also dependent on the amount of voids in the insulation. The 
dependence is inverse, meaning that an increase in the number of voids in the insula¬ 
tion will tend to reduce the magnitude of absorption current. The contradictory effects 
regarding void density and aging of the binding material renders this test difficult to in¬ 
terpret. It is best when used in conjunction with other dielectric tests, such as partial 
discharge and dissipation factor tip-up tests. 


11.5.6 dc Leakage or Ramped Voltage 

The dc leakage or ramped voltage test is a controlled dc voltage application designed to 
test the winding in such a manner as to monitor the dc leakage current at the same time 
that the dc voltage is increased. The leakage current is plotted against the dc voltage ap¬ 
plied to give early warning of any impending insulation breakdown. This helps in limit¬ 
ing damage by shutting down the test before a full breakdown occurs (Fig. 11.28). 

When dc voltage is applied to the winding, a time-dependent flow of current is es¬ 
tablished. This current has a constant component, called the conduction or leakage 
current, and an initial component, called the hanging or absorption current. Therefore, 
it is advisable to raise the voltage to the first level of the kV/min rate, hold it for 10 
minutes to get beyond the charging phase of the voltage application, and perform the 
test while dealing primarily with the leakage current. This way, the charging current 
influence on the leakage current rate of rise will be minimized. 

The final dc test voltage level is generally in the range of 125 to 150% of (Fll ^ 
1.7) kV dc (IEEE Std C50.13). The value actually chosen between 125% up to 150% 
of the test voltage is dependent on the age of the machine insulation and knowledge of 
its general condition. 
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The ramp rate is selected at 3% of the final test voltage level in kV dc/minute (IEEE 
Std 95). The ramp rate usually is in the range of 1.5 to 2 KV per minute. 

Generally, the ramping portion of the test is automated to allow a steady increase in 
the voltage. A dc hi-pot set with the capability of a timed and steady voltage increase is 
required. If this is not possible with the equipment available, then a basic dc hi-pot set 
can be used to raise the voltage in the predetermined 3% voltage steps, holding each 
step for 1 minute. 
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11.5.7 dcHi-Pot 

The dc hi-pot test is used to ascertain if the winding is capable of sustaining the re¬ 
quired rated voltage levels (without a breakdown of the insulation), with a reasonable 
degree of assurance for capability to withstand overvoltages and transients, and main¬ 
tain an acceptable insulation life. The test consists of applying high voltage to the 
winding (the three phases together, or one at a time, with the other two grounded) for 
one minute. 

The recommended test voltage level is [(2 x Kll + 1000) x 1.7] kV dc for new 
windings (IEEE Std C50.13). The recommended test voltage level for field testing 
and maintenance purposes is 125 to 150% of (Fll ^ 1-7) kV dc (IEEE Std C50.13). 
The value actually chosen for the test voltage is dependent on the age of the machine 
insulation, knowledge of its general condition, and the specific situation calling for a 
test. 

11.5.8 ac Hi-Pot 

The ac hi-pot test is also used to ascertain if the winding is capable of sustaining the re¬ 
quired rated voltage levels (without a breakdown of the insulation), with a reasonable 
degree of assurance for capability to withstand overvoltages and transients, and main¬ 
tain an acceptable insulation life. The test consists of applying high voltage to the 
winding (the three phases together, or one at a time with the other two grounded) for 
one minute. 

The recommended test voltage level is (2 x Ell + 1000) kV ac for new windings 
(IEEE Std C50.I3). The recommended test voltage level for field-testing and mainte¬ 
nance purposes is 125 to 150% of Fll kV ac (IEEE Std C50.I3). The value actually 
chosen for the test voltage is dependent on the age of the machine insulation, knowl¬ 
edge of its general condition, and the specific reasons for the calling for a test. 

The ac testing is generally done at a power frequency of 60 Hz but may also be car¬ 
ried out at a low frequency of 0.1 Hz, which is the accepted industry standard. Gener¬ 
ally, the ac hi-pot is a “pass” or “fail” type of test. However, this is not always the case. 
There are often times when arcing can be heard and even seen (Fig. 11.29), and the test 
can be stopped until the problem area is repaired. Then retesting may be carried out to 
prove the repairs. 

When there is a true problem with the ground-wall insulation itself and an ac hi-pot 
is carried out, there are always the unfortunate occasions in which the insulation is not 
able to withstand the applied voltage and no advanced warning occurs, such as the arc¬ 
ing shown in Figure 11.29. The only warning may be an increased audible crackling 
due to the leakage discharge increasing. The end result would be a complete break¬ 
down and flashover to ground (Figs. 11.30 and 11.31). When the failure point is small 
and confined, it is not always easy to locate even during the actual breakdown. Gener¬ 
ally, the failure occurs and a dull thud-like noise is heard, rather than a sharp crack. 
The bar then has to be verified as failed by a megger test if the failure point is not ob¬ 
vious. In some cases, the actual location of the breakdown may only be found upon 
disassembly and removal of the stator bar. 



11.5 STATOR WINDING ELECTRICAL TESTS 


711 



Fig. 11.29 Arcing occurring between a phase connector and ground during an ac hi- 
pot test. 


Testing is usually done on water-cooled windings with the system drained and vacu¬ 
um dried before voltage application. However, there are instances where good dc mea¬ 
surements have been recorded on two phases while one appears grounded and the wind¬ 
ing is technically “wet.” In such an instance, ac testing has been done as a next step, but 
this is a rare occasion. It is not recommended to proceed with this type of testing unless 
an expert is present who knows how to handle this type of situation. A “wet” ac test 
should be performed when no failure point can be found and yet the winding will not 
hold dc voltage and internal contamination of the stator winding hoses is suspected. 
Under dry conditions, the winding will pass high-voltage testing, and under wet condi¬ 
tions, the contamination will be conducting. Depending on the type of contamination 
and its conductivity, the hoses may glow under high-voltage ac (Fig. 11.32). 

One other issue that always seems to arise when trying to accomplish an ac hi-pot 
test at a power station is the ability to energize a complete stator winding phase with 
whatever power source is available, to the required voltage level. Many times, the 
leakage current of the hi-pot test set is a limiting factor in the ability of the hi-pot set to 




Fig. 11.31 Failed stator bar of Figure 11.30 after stripping off the outer groundwall in¬ 
sulation layer. The electrical tracking path can be seen next to the copper stack on the 
inside of the ground-wall layer, extending from the top of the bar to the bottom. 


Fig. 11.30 Failure point during an ac hi-pot test of a stator bar of a 500 MW water- 
cooled machine. The location was a few inches into the slot on a top bar and was not 
obvious. 
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Fig. 11.32 Glowing hoses during a “wet” ac hi-pot test where contamination of the 
hoses is present. 


energize an entire phase to the desired level. Since the power frequency transformers 
used for energizing the winding are usually large and heavy, it is often difficult to 
arrange for them to be transported and located on-site for the testing. This is why some 
opt for low-frequency, resonant ac hi-pot or even dc hi-pot testing, so that the equip¬ 
ment is easier to find and transport, dc hi-pot testing is the easiest because the equip¬ 
ment is very lightweight in comparison to ac equipment, and can be transported easily. 
The problem with this approach, however, is that only the resistive characteristics of 
the insulation system can be tested with dc. If one requires some knowledge of the di¬ 
electric qualities of the insulation or needs to do such tests as partial discharge or TVA 
probe, then ac is required. 

To estimate if the local power supply can achieve the required voltage level for the 
ac hi-pot test, one needs to know the total capacitance of the stator winding phase as a 
whole. Knowing the capacitance, the power frequency and the voltage level to be test¬ 
ed to, one can determine the leakage current that will occur and, hence, if the power 
source for the hi-pot equipment will accommodate the voltage level required. This can 
be estimated as follows: 


Leakage current = 


Applied test voltage 

IXc 


amperes 
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where 

jXc =VnrfC 

f = power frequency (60 Hz) 

C = stator winding capacitance per phase 

At this point, an example is useful. Consider a machine with a per-phase stator 
winding capacitance of 0.25 p.F. If the test voltage is 33,000 volts ac, then the leakage 
current would be as follows: 

applied test voltage 

Leakage current =-^— -, amperes 

jUnfC 

= applied test voltage x lirfC 
= 33,000 X 27rx 60 X 0.25 x lO-"- 
= 3.11 amperes 


11.5.9 Partial Discharge (PD) Off-line Testing 

In principle, PD measurements are based on direct measurement of the pulses of high- 
frequency current discharges created during the occurrence of partial discharges. Some 
offline methods are based on a capacitive link between the whole of the winding and 
the measurement equipment. These setups allow the measurement of PD activity in 
whole windings, or one phase at a time. 

To measure the PD activity in smaller sections of the winding, methods based on an 
electromagnetic probe or pickup (which is mounted on a hand-held, electrically insu¬ 
lated stick) has been developed. One such probe is known as the TVA probe and is 
used to traverse the entire length of a slot in the stator bore to search for localized 
sources of PD. Therefore, each slot is probed over its full length. 

The partial discharge tests are carried out from voltages below the inception voltage 
up to rated voltage. 

On-line partial discharge analysis can be performed by modem instmmentation and 
methods described in the following sections. 

PD Monitoring by Capacitive Coupling. Partial discharge monitoring by ca¬ 
pacitive coupling is thoroughly described in Chapter 5, Section 5.5.3. It is generally an 
online test nowadays, but offline measurements are also done on a regular basis. The 
test setup for offline capacitive coupling is generally as shown in Figure 11.33. 

During operation of a generator, the voltage on the stator winding is graded accord¬ 
ing to the line-to-neutral connection. Thus, when an online test is performed, the bars 
near the neutral end of the winding are not subjected to high voltage, which represents 
the actual operating condition. In the offline test, all stator bars are energized to the 
level of the test voltage applied and, therefore, all may show PD activity. However, in 
the offline test, the effects of vibration and bar forces are not in play. These issues are 
important and must be taken into consideration when analyzing the test results and 
their implications for the condition of the unit. 
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PD Monitoring by Stator Siot Coupier. The stator slot coupler (SSC) is basi¬ 
cally a tuned antenna with two ports. The antenna is approximately 18 inches (46 cm) 
long and is embedded in an epoxy-glass laminate with no conducting surfaces ex¬ 
posed. SSCs are installed under the stator wedges at the line ends of the stator winding, 
such that the highest voltage bars are monitored for best PD detection. Since the SSC 
is also installed lengthwise in the slot at the core end, its two-port characteristic gives it 
inherent directional capability (see Fig. 5.19). 

The problem of noise is virtually eliminated in the SSC. Although the SSC has a 
very wide frequency response characteristic that allows it to see almost any signal pre¬ 
sent in the slot in which it is installed, it also has the characteristic of showing the true 
pulse shape of these signals. This gives it a distinct advantage over other methods, 
which cannot capture the actual nature of the PD pulses. Since PD pulses occur in the 1 
to 5 nanoseconds range and are very distinguishable with the SSC, the level of PD ac¬ 
tivity can be more closely defined. 

In addition, dedicated monitoring devices have been devised to measure the PD ac¬ 
tivity detected in the SSC. The capability for PD detection using the SSC and its asso¬ 
ciated monitoring interface is enhanced to include measurement in terms of the posi¬ 
tive and negative characteristics of the pulses, the number of the pulses, the magnitude 
of the pulses, the phase relation of the pulses, and the direction of the pulses (i.e., now 
from the slot or from the end winding or actually under the SSC itself at the end of the 
slot). 

The other advantage of the SSC is that once it is installed, measurements may be 
taken at any time without the need for exposing live portions of the generator bus 
work, for the purpose of making connections to the test equipment. 

Corona Probing for PD. Partial discharge tests in general determine only the 
relative condition of the stator winding from the generator terminals. They do not lo¬ 
cate specific sites of deterioration or damage in the winding. To do this, the winding 
must be locally scanned with special probes designed to detect localized sources of PD 
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while the winding is energized to the level of line-to-neutral voltage. There are a cou¬ 
ple of variations of probe types, one based on radio-frequency noise and the other on 
acoustical noise. (SSCs do provide some information about the location of the PD ac¬ 
tivity. The more SSCs installed in a particular winding, the higher the accuracy in de¬ 
termining the location of the offending bar.) 

The “TVA probe” gets its name from the Tennessee Valley Authority, where it was 
first popularized (Fig. 11.34). It is based on an earlier Westinghouse probe design that 
was sensitive to RF signals produced by PD in the winding. It functions by picking up 
the RF energy radiated from active PD sites in the winding. The greater the PD, the 
greater the RF energy produced. The tip of the TVA probe employs a loop antenna 
similar to that used in an AM radio. The TVA antenna is tuned to about 5 MHz so that 
it is sensitive to near-field RF discharge. The output of the antenna is directed by a 
coaxial cable to a tuned RF amplifier and a peak-reading ammeter that is sensitive to 
peak PD pulses. The closer the antenna is brought to an RF (or PD) source, the higher 
the output on the meter. 

The “ultrasonic probe” is based on acoustic noise produced by localized PD sites. 
The noise is similar to a crackling sound that one might hear when next to a high- 
voltage overhead transmission line on a wet day. This noise is loudest in the ultra¬ 
sonic frequency range around 40 kHz. A highly directional microphone, sensitive to 
the 40 kHz noise, is used to locate the site of the PD discharges. Given that ultra¬ 
sonic noise does not easily penetrate insulation, the ultrasonic probe test is primarily 
sensitive to surface PD, namely, the sites of slot discharge and surface end-winding 
PD. See Figure 11.24. 



Fig. 11.34 TVA probe for oorona probing in the stator slots. 
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11.5.10 Capacitance Measurements 

Capacitance measurements are a method of measurement by which the quality of the 
insulation can be indicated. The measurements are, of course, done with ac voltage, 
and generally on a per-phase basis. 

Each phase of the stator winding is energized to line-to-neutral voltage, while the 
other two phases are grounded. The power factor of the winding is measured with a ca¬ 
pacitance bridge to determine the value of the per-phase winding capacitance. Com¬ 
parison of the measured capacitance to the factory measured values, and then succes¬ 
sive capacitance readings, can aid in showing deterioration of the ground-wall 
insulation over time. 

11.5.11 Dissipation/Power Factor Testing 

The dissipation factor (or tan 5) is an ac test used to measure the bulk quality of the 
ground-wall insulation by measuring the dielectric loss (primarily due to partial dis¬ 
charges) per unit of volume of the insulation: 

Dissipation Factor, DF = tan 8 

DF 

Insulation Power Factor, IPF = , „ = sin 8 

Vl +DF2 

Results are generally dependent on the type of the dielectric material in the insula¬ 
tion system. An increase in DF over the life of the winding can be attributed to an in¬ 
crease in internal voids, delaminations, and/or increased slot-coil contact resistance 
(i.e., deterioration of the semiconducting paint in the slot). 

The readings are dimensionless quantities expressed as percentages. The absolute 
values obtained are, again, a function of the type of insulation system being measured 
and are also directly affected by the temperature of the winding. Therefore, it is impor¬ 
tant that insulation power factor readings be taken at similar temperatures. The results 
are even more useful, however, in relative terms by comparison of present readings to 
past readings. Successive measurements provide a scale of the deterioration rate of the 
insulation system over time. 

Therefore, when using dissipation factor as a function of time, it is important to 
maintain constant conditions during testing. The DF readings are directly affected by 
the temperature of the winding and are also a function of the applied voltage. There¬ 
fore, comparisons with previous readings should be made on tests done at similar tem¬ 
peratures and the same voltage levels. 

Since dissipation factor readings are somewhat void dependent, the dissipation/in¬ 
sulation power factor ratio will increase with an increase in the amount of voids pre¬ 
sent in the insulation. This phenomenon is the basis of the DF/IPF tip-up test. 

11.5.12 Dissipation/Power Factor Tip-up Test 

The dissipation factor tip-up or A tan 8 test looks at the void content in the insulation. 
That is to say, the dissipation factor will increase with an increase in the amount of 



718 


GENERATOR MAINTENANCE TESTING 


voids or delamination present in the insulation. In addition, it provides information on 
other ionizing losses in the form of partial and slot discharges. 

The test is done by taking DF (or insulation power factor) measurements at differ¬ 
ent voltages. A set of readings is therefore obtained, which forms an ascending curve. 
A fast change of insulation power factor with increasing voltage tends to indicate a coil 
with many voids. The test is based on the fact that ionization, both internal and exter¬ 
nal to the insulation, is voltage dependent. 

The test is done generally at 25 and 100% of the rated phase-to-neutral voltage. The 
tip-up value is the DF measurement at the higher voltage, minus the DF measurement 
at the lower voltage (IEEE Std 286). Good readings for an epoxy-mica system, indi¬ 
cating minimal void content in the insulation, are typically less than 1%. Good read¬ 
ings for an asphalt system are generally in the 3% range (Fig. 11.35). 

This test will give a good evaluation of the winding as a group. However, any bad 
coil that deviates greatly from the rest will not be discerned by this test. To ferret out 
individual bars that exhibit higher discharges, a partial discharge test is done with the 
addition of manual probing for the location of the discharges if high levels are found to 
exist. 


11.6 ROTOR MECHANICAL TESTING 
11.6.1 Rotor Vibration 

Vibration measurement is one the most important online measurements taken on the 
machine. Each manufacturer gives its own recommendations for alarm and trip levels. 



Fig. 11.35 Dissipation factor tip-up test profile comparison for good and poor results. 
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The information in the following table is from an O&M engineering specification 
for “peak” vibration at the “bearing pedestal”: 

Machine speed Maximum amplitude 

0-999 rpm 3 mils 

1000-1499 rpm 2.5 mils 

1500-2999 rpm 2 mils 

3000 rpm and above 1 mil 

Vibration is monitored continuously, and vibration charts are normally available int 
the control room. Vibration is monitored in all turbine and generator bearings. 

Although vibration monitoring is generally considered an online monitoring func¬ 
tion, there are many occasions where it is necessary to carry out additional and specif¬ 
ic vibration testing to look for such problems as component rubs or rotor-winding 
shorted turns to determine the correct course of action. 

This type of detailed vibration testing is very specialized and requires additional 
equipment to be connected to the vibration probes installed on the generator. The type 
of additional testing inferred would be to allow characterization of the vibration mea¬ 
surements with regard to both magnitude and phase relation, and to allow frequency 
spectrum analysis during cold and hot run-ups to speed and run-downs from speed. In 
addition, load changes and field current changes allow the differentiation between me¬ 
chanically and thermally induced vibrations. 

This is a very detailed topic for which entire books have been written and the litera¬ 
ture that can be found is substantial. Refer to Chapter 6 for an additional discussion of 
the subject. 

11.6.2 Rotor Nondestructive Examination Inspection Techniques 

Nondestructive examination (NDE) of generator rotors is usually done to look for 
cracks and inclusions in highly stressed dynamic components. There are generally two 
types of NDE testing: 

1. Surface (visual, magnetic particle, liquid penetrant, and eddy current) 

2. Volumetric (radiographic and ultrasonic) 

There are generally six different test methods: 

1. Visual (VI) 

2. Radiographic (RT) 

3. Magnetic particle (MPI) 

4. Liquid penetrant (LPI) 

5. Ultrasonic (UT) 

6. Eddy current (ECT) 
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Visual Inspection. Good detailed visual inspection of generator components 
may require any or all of the following conditions and equipment: 

• Adequate lighting 

• Magnifying glass 

• Mirrors with rotating heads 

• Digital camera 

• Borescope (with video recorder) 

• Feeler gauges 

• Pocket ruler 

• Straightedge 

• Magnet 

The effectiveness of visual inspection is surprisingly good if the inspector is knowl¬ 
edgeable and thorough. For example, surface flaws—cracks, porosity, surface finish, 
rusting, and corrosion—can usually be easily seen, and much can be deduced from this 
type of inspection. From the visual inspection, one can sometimes determine as much 
as needed to make the right decision on maintenance action. 

The advantages of visual inspection are that it is low cost, simple, and quick. It can 
be done during any type of generator work that is in progress, permitting correction of 
faults. 

Visual inspection does, of course, have limitations. It is applicable to surface de¬ 
fects only and provides no permanent record, unless recorded by photographs or video. 

Radiographic. Radiographic testing is usually done by commercial X-ray or 
gamma units made especially for welds, castings, and forgings. It requires film and 
processing of the film when completed. It is not generally done for generator compo¬ 
nents, but it can be used if there are major frame weld problems. It is based on the dif¬ 
ferences in density or discontinuities in the item being examined. 

The major defects that radiography can detect are interior macroscopic flaws such 
as cracks, porosity, and inclusions. Poor welds can be easily seen by this method. 

This technique has the advantage of being applicable to most materials and once 
carried out, the defect areas are recorded on film to provide a permanent record. 

The difficulties with radiography are that it requires skill in getting a good angle of 
exposure, use of the equipment, and interpreting the indications found. It is also some¬ 
what hazardous to health as any radiographic method and requires safety precautions 
to be taken to protect the equipment operator and any personnel in the area of the test¬ 
ing. 

Magnetic Particle. Magnetic particle inspection for surface flaws requires no 
special equipment but it does require high-current application to align the magnetic 
powders that show any flaws that are observable. This is in the range of 200 to 20,000 
amperes. The magnetic powders are in dry or wet form and may be fluorescent for 
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viewing under ultraviolet light. Pigments are often added to dry metallic powders to 
make them more visible (yellow, red, black, or gray). In the wet method, iron particles 
are coated with fluorescent pigment in water or an oil-based suspension. Antifreeze 
may be added to water-based solutions to impede particle mobility. 

Magnetization is done by passing current through a multi-turned coil, looped 
through or around the part to be examined, with no electrical contact. The magnetiza¬ 
tion field is parallel to the axis of coil-longitudinal magnetization. The flux density is 
proportional to the current times the number of turns in the coil. With more turns, less 
current is required. A flux density of 1 tesla is satisfactory for most generator applica¬ 
tions. Defects that are perpendicular to the magnetic field produce the most pro¬ 
nounced indications. The magnetic particles become attracted to discontinuities due to 
the high flux concentrations at the affected areas. 

For low-carbon steels (with little or no retentiveness), a continuous application of 
magnetic particles is done while the magnetizing current is on. The magnetizing cur¬ 
rent is usually dc, from rectified ac. It is more penetrating than ac—up to half an inch 
below the surface. 

For high-carbon steels, (with high retentiveness), magnetizing current is applied, 
followed by the magnetic particles, after the current is switched off The magnetizing 
current is generally ac stepped down from single-phase ac voltage. It is effective to ap¬ 
proximately one one thousand of an inch (1 mil) below the surface. 

Magnetic particle inspection, or “mag-particle” as it is commonly called, is com¬ 
mon for use in rotor component inspection of forgings, couplings, and steel wedges. It 
is excellent for detecting surface or near-surface defects such as cracks in ferromagnet¬ 
ic materials. It is simple to perform and cost-effective. 

It is somewhat limited in that it is applicable to ferromagnetic materials only, and 
does require some skill in interpretation of defect indications and recognition of irreg¬ 
ular patterns. 

Liquid Penetrant. Liquid-penetrating inspection is widely used for generators, 
specifically on most rotor components, since it can be applied to both ferrous and non- 
ferrous materials. It is primarily used for retaining-ring inspection. It is considered to 
have greater sensitivity than magnetic particle inspection and is also a very cost-effec¬ 
tive method of NDE. 

The equipment required generally consists of the following: 

• Dye penetrating fluid, fluorescent or otherwise 

• Developer 

• Developer application equipment 

• Ultraviolet light source, if the fluorescent method is used 

Dye-penetrating examination is able to detect surface cracks and pitting or any dis¬ 
continuity open to the surface and not readily visible to the eye. 

The technique requires a clean surface, so preparation of the surface by cleaning 
and polishing is first required. Then the liquid penetrant is applied and allowed time to 
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weep into discontinuities by capillary action. Once penetration is complete, the excess 
penetrant is removed by wiping but not completely cleaned away. Next developer is 
applied, which absorbs the penetrant and acts as a type of blotter. Defects are then eas¬ 
ily seen by eye. 

The limitations of LPI are that it only detects surface defects and it is also tempera¬ 
ture sensitive. It should only be used in the range of 60 to 90(F. This is due to viscosi¬ 
ty issues with the penetrant as temperature varies outside the above-mentioned range. 

Figures 11.36 to 11.38 show some of the uses of LPI for defect detection on gener¬ 
ators. 

Ultrasonic. Ultrasonic examination is probably the second most widely used 
NDE method for generator components. It is highly specialized and requires special 
commercial ultrasonic equipment, either of the pulse-echo or transmission type (Fig. 
11.39). 

UT is able to detect surface and subsurface flaws, including those too small to be 
detected by other methods. The size range in subsurface flaws is generally about 2 to 3 
mm. Ultrasonic NDE is used for rotor forging bores, retaining rings, and specialized 
subsurface defects that can occur in high-stress areas of the rotor. It is a very sensitive 
technique and can look at areas that are difficult access by other NDE methods. It does 
have the disadvantage of being difficult to obtain good interpretable signals in areas 
where the specimen geometry is complex, such as the portion of a retaining ring in 



Fig. 11.36 18 Mn-5 Cr retaining ring, fluorescent dye partially applied. (See color in¬ 
sert.) 
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Fig. 11.37 18 Mn-5 Cr retaining ring, developer applied and indication shown in the 
darkened spot at the castellated fitting. 



Fig. 11.38 Rotor forging tooth-root cracks seen by fluorescent dye with developer 
applied. 
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Fig. 11.39 Rotor forging tooth-root crack NDE by ultrasonic measurement with a 45° 
angle probe. 


which castellated fitting of the shrink-fit area is employed. It also requires an operator 
with a high degree of training and skill to carry out the testing and interpret the results. 

The two basic methods are described below. 

Pulse-Echo Method. The pulse-echo method is the most widely used method. 
The ultrasonic pulse echo instrument generates high-voltage electrical pulses of short, 
evenly timed duration. These pulses are applied to the transducer, which converts them 
into mechanical vibrations that are applied to the material being inspected. The sound 
reflected back to the transducer is converted back to electrical pulses, which are ampli¬ 
fied and displayed on the cathode ray tube (CRT) as vertical pulses. The same trans¬ 
ducer is used to transmit and to receive. 

Through-Transmission Method. In the through-transmission method, two trans¬ 
ducers are required: one for sending and the other for receiving. Either short pulses or 
continuous waves are transmitted into the material. The quality of the material being 
tested is measured in terms of energy lost by a sound beam as it travels through the ma¬ 
terial. 

To determine the location of discontinuities within a test specimen, the visual dis¬ 
play unit (VDU) horizontal display is divided into convenient increments such as cen¬ 
timeters or inches. At a given sensitivity (gain) setting, the amplitude is determined by 
the strength of the signal generated by the reflected sound wave. The VDU thus dis- 
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plays two types of information: the distance (time) of the discontinuity from the trans¬ 
ducer and the relative magnitude of the reflected energy. 

There are generally two types of wave applications to the test specimen: longitudi¬ 
nal (compression) and shear (transverse) waves. Longitudinal waves have back-and- 
forth particle vibrations in the direction of the wave propagation. Shear waves have 
particle vibrations perpendicular to the direction of wave motion. Shear waves will not 
travel through liquids or gasses. In some materials, the velocity of a shear wave is 
about half that of longitudinal waves. Therefore, the wavelength is shorter (by about 
half), permitting smaller discontinuities to be located. 

Grain structure has a great influence on the acoustical properties of a material. A 
steel forging generally has a fine-grain structure and has a low damping effect on the 
sound beam. A casting, however, generally has a coarser grain structure, which is more 
difficult to get sound through. 

When a discontinuity is not normal (at 90°) to the incident wave, the reflected wave 
will be at an angle. The result is a reduction in the amplitude of the discontinuity indi¬ 
cation displayed on the CRT. 

Transducers come in many shapes, sizes, and physical characteristics. Some com¬ 
mon types include paintbrush, dual element, single element, angle beam, focused, mo¬ 
saic, contact, and immersion. Single-element transducers may be transmitters only, re¬ 
ceivers only, or both. Double-element transducers may be single transducers mounted 
either side by side or stacked. In a double-element transducer, one is a transmitter and 
the other is a receiver. Double-element transducers have better near-surface resolution 
because the receiver can receive discontinuity signals before the transmitter completes 
its transmission. 

A newer UT technique that is now more commonly used is called phased array. 
The application for this is becoming more widely used and has recently been intro¬ 
duced to inspect generator rotors and some of their components. Existing UT examina¬ 
tion is done as described above using a single probe with a single fixed-beam angle 
and it must be moved physically to obtain readings over the surface of the specimen 
being tested. Generally, there are many different probes used for various applications. 
The advantage of the phased array technique is the use of a single array probe with the 
ability to generate many sound-beam angles in sequence and inspect a larger cross sec¬ 
tion of the component being examined. Beam angle adjustments can be made in the 
horizontal and vertical directions as appropriate to the geometry of the specimen under 
examination. The use of phased array UT improves on the performance of convention¬ 
al UT inspection by reducing the inspection time and data analysis time, increasing the 
reliability of data analysis, and improving in the detection of small defects. Also, the 
complexity of the overall equipment is reduced. 

Eddy Current. Eddy-current examination requires very special commercial-type 
equipment, consisting of the following components: 

• Vector voltmeter 

• Differential bridge 
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Fig. 11.40 Generator rotor example for the phased array technique to find bore 
cracks in a rotor forging. The phased array transducer is stationary and the beam is 
adjusted to find any cracks. 


• Sensor coils 

• Frequency generator 

• Phase-sensitive detector 

• Impedance-plane display instrument 

Eddy-current examination is not widely used for generator applications, but it has 
been useful on occasions when tight cracks in retaining rings cannot be seen by LPI, 
MPI, or UT. It is able to penetrate layers of good material to detect hidden flaws in 
metals such as inclusions and tight cracks. Examples of the types of defects that can be 
seen by eddy-current examination are surface and near-surface defects, delamination 
of multilayered components, and inclusions. 

The basic principle is that of an alternating current flowing through a coil, pro¬ 
ducing an alternating magnetic field in the specimen being tested. When the coil is 
then placed near a test specimen that is conductive, the magnetic field causes eddy 
currents to flow. This flow of eddy currents depends on the physical and electrical 
characteristics of the test specimen. The eddy currents will avoid cracks and seek 
higher-conducting regions in the specimen. As the eddy currents flow in the test 
specimen, they generate their own magnetic field. This field interacts with the mag¬ 
netic field produced by the coil and changes the coil’s impedance. Specialized in¬ 
struments then measure and display these changes in the impedance, allowing the test 
technician to interpret information about the test specimen, specifically, the presence 
and size of flaws in it. 
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There are numerous types of eddy-current probes used, and the type of probe cho¬ 
sen depends on the material being tested and the application. The types of probes are 
absolute, differential, reflection, unshielded, and shielded. The main advantages to this 
method in general are low cost, ease and speed of use, high sensitivity to microscopic 
defects, and automation. 


11.6.3 Some Additional Rotor NDE Specifics 

NDE tests are done generally performed on the following generator rotor components: 

• Forging 

• Retaining rings 

• Fans 

Typical NDE tests include magnetic particle, liquid penetrant, ultrasonic (and 
boresonic), and, sometimes, eddy current. An additional test hardness test is some¬ 
times performed. 

Rotor Forgings. NDE is most often done during rewinding of the rotor, when 
revalidation of the forging is required. This may include the following inspections: 

• Magnetic particle inspection (MPI) of the rotor fdlet radii inboard of the jour¬ 
nals, shaft radius at the slot exit interface, fan seating and keyways, pole-face 
crosscuts, pole and winding slots, and so on 

• Liquid penetrant inspection (LPI) of the exciter-end lead-slot radii, inboard and 
outboard radial pinholes, and coupling-bolt holes. 

• Ultrasonic examination of the rotor bore (boresonic) 

In addition, the rotor forging generally undergoes full-dimensional checks and run¬ 
out or truth checks. 

Fans. Rotor fans are highly stressed components of the rotor. Fan blades and 
vanes are generally tested by LPI and UT. 

Retaining Rings. Retaining rings are by far the component subjected to the high¬ 
est scrutiny during major overhauls. One of the most comprehensive studies on this 
topic is given in the EPRI Special Report EL/EM-5117-SR, “Guidelines for Evalua¬ 
tion of Generator Retaining-Rings,” April 1987 [18]. 

Generally, generator rotors employ three different types of retaining-ring material. 
These are Ni-Cr-Mo-Va magnetic steel (ferritic), 18 Mn-5 Cr nonmagnetic steel, and 
18 Mn-18 Cr nonmagnetic steel. 

One of the major station concerns is the ability to perform NDE on large generator 
rotor retaining rings without removing the rotors from the generator, let alone the re¬ 
taining rings from the rotors. This is driven by the high cost of rotor removal and sub- 
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sequent removal of the retaining rings from the rotors, and the time consumption in¬ 
volved. In addition, removing retaining rings is not desirable because of the risk of 
damaging the rings, the rotor forging, and/or end windings in the process. 

Retaining rings constructed from magnetic material are generally sound in terms of 
strength, resistance to corrosion, and so on. However, they are undesirable with regard 
to their electromagnetic characteristics and resulting effect on the overall machine 
losses. 

Generator rotor retaining rings made from 18 Mn-5 Cr austenitic, nonmagnetic 
steel are, on the other hand, highly susceptible to the mechanism of stress corrosion 
cracking when exposed to a moisture laden environment during operation or at stand¬ 
still. This has become an industrywide problem without regard to a specific manufac¬ 
turer. 

Several ring failures have occurred in the industry, resulting in considerable dam¬ 
age to the overall generators and their support structures. These incidents were attrib¬ 
uted to stress corrosion cracking caused by exposure to moisture. These rings had ap¬ 
parently not been adequately protected from the environment. 

Once a crack has been initiated, the propagation rate of the crack will depend on the 
ring design (geometry, stress levels, etc.), environment, and the operating conditions to 
which it is subjected. Also, the ring material is a factor as the critical crack size for the 
18 Mn-5 Cr material is smaller than the 18 Mn-18 Cr material. It is extremely difficult 
to predict when small cracks will reach the critical crack size at which failure is immi¬ 
nent. An attempt to determine this has been made and is published in [18]. Inspection 
is the only means available to assess retaining-ring integrity and provide an opportuni¬ 
ty to correct problems encountered. 

With the advent of a new retaining-ring material known as 18-18 (18 Mn-18 Cr), 
which is highly resistant to the stress-corrosion cracking mechanism, all manufacturers 
are advocating that the 18 Mn-5 Cr retaining rings be replaced with new 18-18 rings 
because of their superior properties. 18 Mn-18 Cr steel is claimed to be very resistant 
to corrosion and stress-corrosion cracking in the operating environments of large gen¬ 
erators. As a result, fewer inspections will be needed for the retaining rings [20]. (For 
additional information on the subject, see the sections covering retaining rings in 
Chapter 9.) 

Testing Frequency. Depending on availability, it is desirable to conduct retain¬ 
ing-ring inspections during a period of one to two years following the in-service date, 
and again six to eight years after that. Subsequent inspections are prescribed based on 
a combination of information gained during previous inspections and adverse operat¬ 
ing conditions since the last inspection. 

Adverse operating conditions would include water leakage into the generator, high 
or sustained dew-point excursions, local system faults, synchronizing errors, high rotor 
temperature excursions, continuously changing load requirements or two-shifting, 
overspeeds, rotor at standstill in uncontrolled environmental conditions, and so on. 

Inspection Procedure. The recommended process for an acceptable assessment 
of retaining-ring integrity requires removal of both rings from the rotor body com- 
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pletely. A thorough cleaning of all ring surfaces prior to inspection follows this. The 
cleaning is achieved by hand polishing of shrink-fit areas and by using electrically 
nonconductive abrasives on all surfaces to achieve bare-metal conditions. The inspec¬ 
tion is carried out during a detailed dye-penetrant process, using a highly sensitive flu¬ 
orescent liquid penetrant to expose suspect areas containing cracks, pits, or defects. 

Local grinding and/or polishing will normally remove any flaws, but there are limi¬ 
tations on the amount of corrective action allowed. It is essential that the limits not be 
exceeded during the corrective action as the suspect areas are removed. 

Removal of material from the shrink-fit area is limited to the amount at which 15% 
overspeed capability is maintained. The design overspeed capability is 20% above the 
normal operating level. Overspeed trips are set at 10%, thus allowing a minimum 5% 
margin for the material to be removed. The determination of the depth of the skim to 
be taken off the shrink-fit are, when required, should be referred back to the OEM. 

Acceptance Criteria. Acceptance criteria are normally determined by, and are 
the responsibility of, the manufacturer/suppler of the item being assessed. However, 
acceptance criteria are usually based on detection of defects and not crack/pit/defect 
sizing. It is much easier to establish an acceptable situation by first establishing “not- 
acceptable” criteria. 

Reasonable not-acceptable criteria adopted by some OEMs and users are: 

1. No linear defects greater than 1 mm in length. 

2. No linear array of three or more point defects with < 3 mm between points. 

3. No random groups of three or more point defects within a circle of < 5 mm di¬ 
ameter. 

4. No random groups conforming to criterion three but < 5 mm from a similar 
group. 

Note: A point defect is a surface defect < 0.5 mm in diameter. 

If a defect is found and sized, it is usually desirable to determine the critical crack 
size, regardless of the fact that one generally does not leave even the smallest indica¬ 
tion in a retaining ring. This is because they can quickly grow in size if the internal 
generator conditions are not good. Estimating the critical crack size depends largely on 
the dimensions of the individual retaining ring and the total stress on the ring, as well 
as the actual material, its fracture toughness characteristics and stress intensity factor. 
We have already seen in Section 2.16 how an estimate of total stress may be obtained 
by the summation of ring hoop stress and the copper loading. From this, an estimate of 
critical crack size is possible. 

Carrying on from Section 2.16, the well known equation for the stress intensity fac¬ 
tor Klc is a function of the operating stress on the ring, which is the calculated total 
stress from Section 2.16, and the critical crack size as per the following basic formula: 


Kl,= 1.128 o-Vo^ 
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where 

Klc = fracture toughness of the ring material 

(T = nominal stress on the ring at the operating speed 

filer = critical crack depth 

Since it is the critical crack size that is required to be determined, the formula can 
be rewritten as follows: 


Initiation of runaway crack growth and eventual ring failure occurs when the tip of 
the crack Ucr reaches the critical size for the ring or, more precisely, the fracture tough¬ 
ness of the ring material. 

Starting with a ring made of 18 Mn-18 Cr and the configuration of the ring shown 
in Fig. 2.68, the total stress on the ring at rated speed has previously been calculated as 
526 MPa (75 Ksi). At 20% overpseed, the stress on the ring worked out to be 758 MPa 
(110 Ksi). We also can find the Klc fracture toughness of the 18 Mn-18 Cr material 
from a materials handbook by looking up the value for Klc that corresponds to the 
0.2% yield strength (see note below) of the material. In doing so, one would find that it 
gives a lower-bound stress-intensity factor of 50 Ksi for a 0.2% yield strength of 175 
Ksi (1200 MPa). Therefore, if we now wish to determine the critical crack size for the 
example ring operating at rated speed, we find the following: 

/ 50 \2 

a„ = - = 0.349 inches or 8.9 mm 

“ \ 1.128 X 75 / 

And for the 20% overspeed case we obtain the following critical crack size, which 
is much less, as stands to reason, due to the higher stress on the ring at overspeed: 

/ 50 \2 

fler = I TT28^7TTo / ^0-162 inches or 4.1 mm 

From the above simple estimation, one can see the need for such close and accurate 
examination of retaining rings for even the smallest indication. Given poor internal 
generator atmospheric conditions, it is easy to see how a small initiation will not take 
much to become critical. 

Note: As a good rule of thumb, the following may be considered. 

The factor of safety of any part of the rotor and attachments should not be less than 
1.5 at 20% overspeed, based on the calculated nominal stress on the cross section un¬ 
der consideration, and based on the material yield point or 0.2% proof stress, when 
there is no defined yield point for the material. 

This should be checked specifically on the retaining rings because of their highly 
stressed nature. The calculated local maximum stress concentration in the retaining 
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rings should not exceed the 0.2% proof stress of the material, considering the effective 
friction factor between the ring and the rotor. 

Stress concentrations in the rotor teeth under the retaining ring shrink-fit area 
should be avoided. The maximum compressive stress at any stress concentration 
should not exceed the 0.2% proof strength. The calculated local maximum stress con¬ 
centration in the rotor teeth at synchronous speed should not exceed 85% of the 0.2% 
proof stress of the material. 

New rotor components should be designed for at least 10,000 start-up cycles and 
500 overspeeds to 20% above rated over a life of at least 25 years. Reused rotor com¬ 
ponents should be revalidated for at least 7,500 start-up cycles and 500 overspeeds to 
20% above rated over a remaining life of at least 20 years. 

Detailed stress calculations should be carried out to ensure the above and an in- 
depth review done for any component having a safety factor less than the above speci¬ 
fied values. 

In-situ Testing. At the present time, ultrasonic examination of retaining rings as¬ 
sembled on a rotor body is being debated by users and testers in the industry. There are 
some who are staunch proponents of the in-situ technique, whereas others insist it is 
not sensitive enough. 

At last report to the authors, the smallest cracks that can be detected are on the order 
of 2 to 3 mm in the shrink area and only as small as 1 mm in the smooth bore areas. On 
rings with castellated fittings, it may not be possible to resolve indications identified 
due to the complex geometry involved. 

It should also be understood that these crack sizes quoted above are large in terms 
of significance for retaining rings. Even pitting marks will propagate into cracks when 
the internal generator hydrogen conditions are not good. The critical crack size is dif¬ 
ferent for each ring design and must be evaluated independently. 

The bottom line is that even the smallest cracks cannot be tolerated, especially in 
the shrink area. It is the modest opinion of the authors that the only way to know for 
sure if the ring is free of defects is to remove it for detailed NDE surface-type inspec¬ 
tion methods and ultrasonic or eddy current testing for detection of inclusions. 

Finally, there are some in the industry who consider it desirable to install the new 
18 Mn-18 Cr retaining rings so that inspection is unnecessary. Figure 11.41 shows an 
in-situ testing device in operation. 

11.6.4 Air Pressure Test of Rotor Bore 

The vast majority of large generator rotors in existence have hollow bores, which ex¬ 
tend the full length of the rotor forging. These boreholes are generally in the range of 3 
to 5 inches (~ 7.5-13 cm) in diameter, and when the contents of the bore are removed 
one can see from one end right through to the other. 

Boreholes were used mostly in the past due to impurities and porosity in the forg¬ 
ings, which tended to concentrate in the center. They serve two purposes: the first is to 
remove the material defects, and the second is to provide an access for performing 
boresonic (ultrasonic) inspection of the rotor bore. In modem forgings, the material 
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Fig. 11.41 In-situ robotic-rotor retaining-ring ultrasonic testing. (Courtesy of Alstom 
Power Inc.) 


manufacturing processes are so improved that a full rotor length borehole is not gener¬ 
ally required. Only a short borehole at the exciter end of the rotor is provided to ac¬ 
commodate the up-shaft lead, which connects the rotor winding to the slip rings via the 
radial terminal studs. 

In hydrogen cooled machines, rotor seals are installed in the shaft, sealing the hole 
in the shaft where the up-shaft lead or bore copper is installed. This is between the slip 
rings and the field winding. The seals are generally made of rubbery material, which 
under pressure (sometimes from a nut) expands, filling the area between the bolt con¬ 
necting the bus/conductor in the hollow of the shaft to the slip rings. On the excitation 
end, some rotors have only one set of seals close to the collectors, whereas other rotors 
have a second set of seals, where the leads exit the shaft, under the retaining rings. On 
rotors with a full-length borehole, the turbine end of the rotor is also sealed by a face 
plate arrangement on the coupling face. 

The integrity of the rotor seals is normally checked during major overhauls. De¬ 
pending on the design of the rotor, some can be pressure tested through a nipple per¬ 
manently installed on the shaft, or by placing a can over the shaft extension and collec¬ 
tor assembly, tightly sealed against the rotor forging, and pressurizing the can. 
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11.7 ROTOR ELECTRICAL TESTING 

11.7.1 Winding Resistance 

The field-winding series resistance is measured to determine the ohmic resistance of 
the total copper winding in the rotor. Given the relatively low dc series resistance of 
windings of large machines, the measurement accuracy requires significance to a min¬ 
imum of four decimal places. 

The purpose of the test is to detect shorted turns, bad connections, wrong connec¬ 
tions, and open circuits. The machine should be at room temperature when the test is 
performed. As with most other electrical tests, the results should be compared with 
original factory data, if available. 

11.7.2 Insulation Resistance (IR) 

The purpose of the IR test is to measure the ohmic resistance between the total rotor 
winding insulation and ground (i.e., the rotor forging). This test is generally regarded 
as an initial test to look for gross problems of the insulation system and to ensure that 
further high-voltage electrical testing may (relatively) safely continue, in terms of dan¬ 
ger of failing the insulation. 

Normally, the measurements of IR will be in the megaohm range for good insula¬ 
tion, after the winding is subjected to a dc test voltage, usually anywhere from 500 to 
1000 V, for one minute. The minimum acceptable reading per IEEE Standard 43 is (Ff 
in kV -1-1) Mfl. The test is carried out with a megger device. The dc test voltage level 
is usually specified based on the operating and field forcing voltage of the rotor, utility 
policy and previous experience, and knowledge of the present condition of the insula¬ 
tion in the rotor. 

It is essential that the rotor winding be completely dried before any testing so that any 
poor readings will be due to a “real” problem and not residual moisture. The readings are 
also sensitive to factors such as humidity, surface contamination of the coils, and tem¬ 
perature. Readings should be corrected to a base temperature of 40°C (Fig. 11.26). 

All of the above also applies to the rotor bore copper and collector rings. 

11.7.3 Polarization Index (PI) 

Insulation resistance is time dependent as well as being a function of dryness for rotor 
insulation, just as in the stator. The amount of change in the IR measured during the 
first few minutes depends on the insulation condition and the amount of contamination 
and moisture present. Therefore, when the insulation system is clean and dry, the IR 
value tends to increase as the dielectric material in the insulation absorbs the charge. 
When the insulation is dirty or wet or a gross insulation problem is present, the charge 
does not hold. The IR value will not increase because of a constant leakage current at 
the problem area. Thus, the ratio between the resistance reading at 10 minutes and the 
reading at 1 minute produces a number or “polarization index,” which is essentially 
used to determine how clean and dry the winding is. 
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The recommended minimum PI values are as follows: 

• Class B insulation: 2.0 

• Class F insulation: 2.0 

The same megger used for the IR readings should be used to determine the PI. The 
PI readings should be done at the same voltage as the IR test and can be used as a 
go/no-go test before subjecting the rotor to subsequent high-voltage tests, either ac or 
dc. The IR readings for the PI test should also be corrected to 40°C as in the IR test 
(Fig. 11.25). Performing the high-voltage tests on wet insulation can cause needless 
failure of the insulation. 

The use of PI and its acceptable values for field windings is often in dispute, be¬ 
cause most rotors have no insulation on significant sections of their winding. This 
tends to skew the PI readings. The reader is referred to IEEE Sdandard 43, Section 12 
for further elaboration on this topic. As stated therein, PI for field windings of large 
turbo-generators with significant portions of the winding without insulation should be 
used mainly for trending purposes. 

11.7.4 dcHi-Pot 

The dc hi-pot test is used to ascertain if the winding is capable of sustaining the re¬ 
quired rated voltage levels (without a breakdown of the insulation), with a reasonable 
degree of assurance for capability to withstand overvoltages and transients, and main¬ 
tain an acceptable insulation life. The test consists of applying high voltage to the rotor 
winding for one minute. 

The dc hi-pot testing on rotor windings is normally done between 1500 V up to ap¬ 
proximately 10 times the rated field voltage. 

11.7.5 acHi-Pot 

The ac hi-pot test is also used to ascertain if the winding is capable of sustaining the re¬ 
quired rated voltage levels (without a breakdown of the insulation) with a reasonable 
degree of assurance for capability to withstand overvoltages and transients, and main¬ 
tain an acceptable insulation life. The test consists of applying ac high voltage to the 
rotor winding for one minute. 

The ac hi-pot testing on rotor windings is also normally done at to 10 times the rat¬ 
ed field voltage at line frequency of 60 Hz. 

11.7.6 Shorted Turns Detection—General 

Shorted turns in rotor windings are associated with tum-to-tum shorts on the copper 
winding, as opposed to tum-to-ground faults. Rotor winding shorted turns, or intertum 
shorts, can occur from an electrical breakdown of the intertum insulation, mechanical 
damage to the intertum insulation allowing adjacent tum-to-tum contact, or contami¬ 
nation in the slot, which allows leakage currents between turns. 
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When shorted turns occur, the total ampere-turns produced by the rotor are reduced, 
since the effective number of turns has been reduced by the number of turns shorted. 
The result is an increase in required field current input to the rotor to maintain the same 
load point, and an increase in rotor winding temperature. 

At the location of the short, there is a high probability of localized heating of the 
copper winding and arcing damage to the insulation between the turns. This type of 
damage can propagate and worsen the fault, such that more turns are affected or the 
ground-wall insulation becomes damaged, and a rotor-winding ground occurs. 

One of the most noticeable effects of shorted turns is increased rotor vibration due 
to thermal and magnetic effects. When a short on one pole of the rotor occurs, a condi¬ 
tion of unequal heating in the rotor winding will exist between poles. The unequal 
heating may cause bowing of the rotor and, hence, vibration. The extent and location 
of the shorted turns and the heating produced will govern the magnitude of the vibra¬ 
tions produced. Unbalanced magnetic pull (UMP) occurs (mainly in four-pole ma¬ 
chines) because shorted turns may create asymmetries in the distribution of the radial 
flux around the circumference of the airgap. This is somewhat different than the classi¬ 
cal definition of UMP, which generally refers to the force acting on a rotor due to 
asymmetry of the airgap. 

The general relationship between the location of the shorted tum/tums and vibra¬ 
tion due to thermal effects is as follows: 

• Lower vibration is generally experienced when the short is on the Q axis. 

• Higher vibration is generally experienced when the short is nearer the pole or D 
axis. 

Stated differently, the rotor is more prone to vibration due to shorted turns if the shorts 
are located in the “small coils” rather than in the “large coils,” the “small coils” being 
those located closer to the pole faces. 

The reasoning for the above is the lack of symmetry of faults nearer the pole face. 
There is an inherent imbalance in the geometry and heating effect on the rotor forging. 

Offline methods for detecting shorted turns include winding impedance measure¬ 
ments as the rotor speed is varied from zero to rated speed, and RSO (recurrent surge 
oscillation) tests based on the principle of time-domain reflectometry. In addition, 
a short of significant magnitude may be identified by producing an open-circuit 
(OC) saturation curve and comparing it to the design OC saturation curve. If the field 
current required to produce rated terminal voltage has increased from the original 
design curve, then a short is likely present. The number of shorted turns may be 
identified by the ratio of the new field current value over the design field current val¬ 
ue. 

All of these methods of identifying shorted turns are prone to error and only indi¬ 
cate that a short exists. They do little to help locate which slot the short is in and re¬ 
quire special conditions for collecting the data or for testing. To better identify shorted 
turns, and to employ a method that works online, the search coil method has been per¬ 
fected. Each OEM has their own version of a search coil method, but all work essen¬ 
tially in the same manner. 
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11.7.7 Shorted Turns Detection by Recurrent Surge 
Oscillation (RSO) 

In the RSO method, a low-voltage (a few volts), high-frequency (kHz range) surge 
wave is injected at each one of the collector rings. The two signals are then compared 
to determine if the same waveform is observed at each collector ring. If the waveform 
is identical, then no shorts are present. Variations in the two waveforms indicates that 
shorts are present. This method is based on the principle of time-domain reflectometry. 

This method has the advantage of allowing the rotor to be spun while doing the 
measurements, to determine if the shorts are also speed sensitive. The advantage of 
this is that the mechanical loading effects can be taken into consideration. In the spin¬ 
ning RSO, there may be shorts that reveal themselves that are not seen when the rotor 
is at rest, since at rest there is no mechanical load on the winding turns other than their 
own weight. 

Because the RSO also works on a time-of-flight principle, the location of the coil 
number where the shorts are, as well as which pole, becomes discemable by this 
method. Shorts nearer the slip rings show up as blips in the RSO pulse nearer the left 
side of the traces. The magnitude of the blip increases for the number of turns shorted 
at the particular location (i.e., the particular coil) as more turns are shorted. 

In the “at-rest” test, the RSO is connected directly to the winding via the collector 
rings and is testing generally done when the brushes have all been lifted from the ring 
surface or, alternatively, the rotor is removed from the stator completely. Also, the 
RSO requires a ground connection, to the forging in this case, since it is the ground 
point for the rotor winding. Thus, only the winding impedance is seen by the high-fre¬ 
quency, low-voltage pulses sent by the RSO. 

In the “spinning” RSO test, to accommodate the moving rotor, the leads of the RSO 
must be connected to the brush rigging, and the connection to the winding is then im¬ 
plemented via the brushes’ collector rings. For best results, all the brushes should be 
lifted, except one per collector ring for the connection point. The ground connection to 
the shaft is made by attaching the RSO ground connection to a piece of copper braid 
that can be held on the rotating shaft similar to the way shaft voltage measurements or 
shaft ground connections are made. However, with this connection setup anything con¬ 
nected to the excitation equipment is “seen” by the pulses (e.g., leads, contacts, field 
breaker, field resistor, and excitation equipment). The principle of operation of the 
RSO is comparing the pulses inserted in each polarity terminal of the winding and their 
reflections. The test is extremely sensitive to any asymmetry in the path of the pulses. 
From a point of view of the wave impedance seen by the high-frequency pulses, the 
field winding is by nature very symmetrical, but the excitation system is anything but 
that. Therefore, in order to obtain any significant signature on the condition of the field 
winding, the “noise” originating in the path toward the excitation must be reduced as 
much as possible. This is achieved by opening the excitation leads at a convenient lo¬ 
cation between the excitation system and the brush rigging. After the leads are open, 
only cables of almost exactly equal length are left connected to the brush rigging. The 
effect introduced by these cables is generally negligible. Figure 11.42 illustrates the 
overall connection setup for the spinning RSO test. 
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DC Leads Opened 


/ I 



Fig. 11.42 Spinning RSO test connection setup. 


Figures 11.43 to 11.49 depict samples of RSO test readings taken on a two-pole tur¬ 
bo-generator rotor. 

11.7.8 Shorted Turns Detection by Open-Circuit Test 

Producing an open-circuit saturation curve and comparing it to the design open-circuit 
saturation curve may identify a shorted turn condition of significant magnitude. If the 
field current required to produce the rated terminal voltage has increased from the 
original design curve, then a short would likely be present (Fig. 11.50). 




Operation 


B 


ICH1-CH2I 


CH2-CH1 


M lO.Ojus Ext f 1,35V 


Fig. 11.43 No shorted turns, dual traces superimposed. 
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Operation 

B 


CH1-CH2 


CH2-CH1 


M 10.0JUS Ext f 1.35V 


Fig. 11.44 No shorted turns, dual traces separated. 


The number of shorted turns may be determined by the ratio of the new field-cur¬ 
rent value over the design field-current value. However, due to the high number of 
turns in a typical rotor winding, the changes in open-circuit voltage due to a single 
shorted turn in the field winding may go unnoticed since the measurement is too small 
for a positive identification. 


Operation 

B 


CH1-CH2 


CH2-CH1 






M 10.0 JUS 


Ext / 1.35V 


Flo. 11.45 No shorted turns, difference trace. 
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Fig. 11.46 One shorted turn, coil #1; dual traces superimposed. 


The open-circuit stator voltage versus field-current characteristics can be measured 
in all synchronous machines. This curve, taken with the machine spinning at synchro¬ 
nous speed, is unique for each machine. In principle, the OC test allows detection of 
shorted turns in brushless machines, for which RSO techniques are too difficult to per¬ 
form, and always entails partial disconnection of the rotor leads. 



Fig. 11.47 One shorted turn, coil #1; difference trace. 
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Outer Slipring 


Inner Slipring 


Fig. 11.48 Multiple shorted turns, dual traces superimposed. 



Fig. 11.49 Multiple shorted turns, difference trace. 
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Rotor Field Current, amps 

Fig. 11.50 Shorted turns detection by open-circuit saturation curve. (Courtesy of 
EPRI.) 


11.7.9 Shorted Turns Detection by Winding Impedance 

Impedance measurements while the machine is decelerating or accelerating can also be 
used to detect a speed-dependent shorted turn. Any sudden change in the readings may 
indicate a shorted turn being activated at that speed. A gradual change of impedance of 
more than 10% may also indicate a solid short (Fig. 11.51). 

The method of measurement of winding impedance is a combination of dc and ac. 
The first measurement is the actual dc resistance of the winding from the positive to 
the negative collector ring. This can be done with a Kelvin bridge, a doctor, or a micro¬ 
ohm meter. When using the ductor or micro-ohm meter, at least 10 amperes of current 
should be applied to the winding for best results. The next measurement is that of the 
ac resistance by using a Variac or Powerstat to apply approximately 120 volts ac at the 
power frequency. By measuring the current delivered as the speed is varied from zero 
to rated, one can make successive readings of voltage and current and use those in the 
following formula to produce the curve of Figure 11.51: 

Applied ac voltage 

Winding Impedance =- 

Measured ac current 
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Fig. 11.51 Shorted turns detection by impedance testing. (Courtesy of EPRI.) 


If there are speed-dependent shorted turns, the resistance of the winding will de¬ 
crease and the ac current should increase suddenly when the short becomes active. The 
overall winding impedance will drop as per the above formula. 

11.7.10 Shorted Turns Detection by Low-Voltage do or Volt Drop 

This test is designed to determine the existence of shorted turns in the rotor winding. 
The test is entirely different when performed on salient-pole rotors than on cylindrical 
(round) rotors. 

In salient-pole machines, a “pole-drop” test is done. In this test, the resistance 
across each individual pole is measured by the V/I method, namely, by applying a 
voltage of around 100 to 120 volts, 60 Hz, to the entire winding, and then measuring 
the voltage drop across each pole. A pole with lower voltage drop will indicate a short¬ 
ed turn or a number of shorted turns. 

In either salient-pole or round-rotor machines, the shorted turns are often speed de¬ 
pendent (i.e., they might disappear at standstill). To partially offset this phenomenon, 
it is recommended to repeat the pole-drop test a few times with the rotor at several an¬ 
gles. The gravity forces exerted on the vertically located poles may activate some short 
circuits between turns, which might not show up when in, or close to, the horizontal 
position. 

In round rotors, the individual windings are generally not accessible, unless the re¬ 
taining rings are removed. Therefore, detection of shorted turns in not always possible 
by this method. 

In cases in which the retaining rings are removed, a more in-depth volt-drop method 
other than a simple pole-drop test may be applied. The following technique will allow 
determination of the number of shorts and their location. Also, the rotor can be rotated 
for successive 90° angles to change the loading on the rotor winding and insulation and 
detect flaws that may be pressure sensitive. 
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From past experimentation, there is a clear difference between the use of ac and dc 
for volt-drop testing for best resolution on measurements, to locate the position of any 
shorts. As it turns out, both ac and dc are required at different stages, ac testing pro¬ 
vides the best resolution for measuring initial pole balance and for coil-to-coil volt 
drops. However, when testing for tum-to-tum shorts on an individual coil, it then be¬ 
comes clear that dc testing provides a better resolution and makes the estimation of the 
location of shorts along the winding clearer. This is because the dc measurements do 
not have any inductive effects (as the ac does) from the adjacent turns and the volt 
drops are more significant as purely resistive. That is to say, the lowest volt drop at the 
point of the fault is easier to see in the measurements. 

To allow the tester to identify exact fault locations, the initial readings should be 
done as six points using dc testing. All of these are on the end winding due to ease of 
access. Three measurements are done at each end of the rotor. In this way, one can dis¬ 
criminate between faults that are in the slot and end winding, and determine which side 
of the rotor they are (Fig. 11.52). If further discrimination is required because the short 
is deemed to be in the slot portion of the rotor, insulated probes may be used to go 
down a center radial vent of the rotor winding (or any axial location where there are 
vents) and divide the slot portion into segments as well. 

Figure 11.52 shows a sample sheet that was developed to visualize the measure¬ 
ments and to help locate the fault locations more easily. It is generally more efficient to 
record all the measurements in this way. 

Figure 11.53 is a plot of actual trial tests with numerous variations of shorts ap¬ 
plied to a test rotor at locations in the slot, turbine-end, and collector-end end wind¬ 
ings. These help to characterize the combinations of shorts that may be found in a ro¬ 
tor. 

The examples in Figure 11.53 are merely rough samples. Basically, a single short 
is very easily detected as are two shorts, separated or not. When there are more than 
two shorts on a single coil, it becomes more difficult to determine short locations that 
lie in between the two outer shorts. It is also better to use spiral graphs to locate the 
short locations, but the simple straight-line chart illustrates the points more clearly. 

With regard to the test levels and equipment, the requirements will be different for 
different rotors and vary from two- to four-pole rotors. However, the range for ac 
testing is up to 10 amperes and 50 volts. The ac equipment is small and easily car¬ 
ried by hand. The dc equipment to energize the winding is larger and more difficult 
to obtain. The requirements are approximately 150 amperes at less than 20 volts dc. 

11.7.11 Shorted Turns Detection by Low-Voltage ac or “C” 

Core Test 

A C-shaped, wound core is required to carry out this test, together with a voltmeter, 
wattmeter, and single-phase power supply (Fig. 11.54). Shorted turns are detected by 
sharp changes in the direction of wattmeter readings (Fig. 11.55). 

Rotors with damper windings or with the wedges short-circuited at the ends to form 
a damper winding have to be disconnected at the ends. This operation requires removal 
of the retaining rings. 
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Fig. 11.52 Turn-to-turn volt-drop measurement sheet. 


11.7.12 Shorted Turns Detection by Shorted Turns Detector 
(Flux Probe) 

The flux probe is actually a search coil mounted on the stator core by various methods, 
but located strategically in the airgap. The search coil looks at the variation in the mag¬ 
netic field produced in the airgap by the rotor as it spins. The energized rotor winding 
and the slotted effect of the winding arc cause a sinusoidal signal to be produced in the 
winding face of the rotor. The pole face, on the other hand, has no winding and the sig¬ 
nal is more flat since the variation in magnetic field is minimal. 

The magnitude of the sinusoidal peaks in the winding face is dependent on the 
ampere-turns produced by the winding in the various slots. If there is a short in a 
slot, then the peak of the signal for that affected slot will be reduced. The reduction 
will be dependent on the magnitude of the short. Therefore, besides learning which 
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Fig. 11.53 Short locations versus position in the winding from start of the top turn to 
the end of the bottom turn. Profile A: One short in the endwinding or one short in the 
slot. Profile B: Two shorts in the end winding at one end, in successive turns; or two 
shorts in the end winding, one at either end of the rotor, on the same turn; or three 
shorts, two in the end winding on one end in successive turns and one in the slot on 
the same turn as one of the end-winding shorts. Profile C; Two shorts in the end wind¬ 
ing at one end, one in an upper turn and one lower down; or two shorts in the end 
winding, one at either end of the rotor, on different turns. 
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Fig. 11.54 Shorted turns detection by “C” core test. (From Kerszenbaum, Inspection 
of Large Synchronous Machines, IEEE Press, 1996, reprinted with permission.) 
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Fig. 11.55 Shorted turns detection by “C” core test. (From Kerszenbaum, Inspection 
of Large Synchronous Machines, 1996, IEEE Press, reprinted with permission.) 


slot the short is in, an estimate of the number of shorted turns can be made fairly ac¬ 
curately. 

Problems due to saturation effects at full load can occur in analyzing the data and 
most OEMs now have a dedicated monitor connected to the flux probe to automate the 
analysis process. This allows the flux probe and monitor to act as a stand-alone sensor 
to alarm when a short turn is detected and notify the operator for investigation. 

Probably the most effective method for the detection of shorted turns in solid rotors 
is the flux probe method. This maps the flux of the machine as it rotates, indicating 
possible shorts as changes in the measured waveform. Its main advantage is that it 
works with the rotor online, capturing the speed-dependent shorts. Its main disadvan¬ 
tages are the expertise required to analyze the recorded waveforms and the fact that the 
machine has to be deenergized and degassed for the installation of both core-mounted 
and wedge-mounted types of probes. New commercially available units intended for 
online continuous operation include software that analyzes the waveform and alerts to 
a possible shorted-tum condition. 

Although the flux probe is probably the best online method of shorted turns detec¬ 
tion, there is still the issue of main magnetic field interference with the rotor slot leak¬ 
age field that is used to capture the shorted turns data via the flux probe. This issue was 
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discussed in Section 5.5.4. Because of the interference of the main magnetic field with 
the measurement of the rotor cross slot or leakage flux for shorted turns detection, it is 
required to adjust the rotor load angle to the point of minimum interference; this is 
called the zero crossing flux density or ZCFD (refer to Figs. 5.42 and 5.43). This is the 
center of the stator and rotor main field interaction, where the flux goes from positive 
to negative and vice versa and there is the least amount of interference with the leakage 
field of the rotor slots. 

As mentioned in Section 5.5.4, it is not usual to set up specific testing on a regu¬ 
lar basis to get a full spread of rotor angles, so this is usually only done when there 
is a known problem and a specific shorted turns test by flux probe is scheduled. 
System demands on the unit do not usually allow significant changes to test all 
ZCFD points for all slots and, therefore, a preplanned test is usually required to ac¬ 
complish this. 

To set up a planned flux probe test such that all rotor slots are checked for shorted 
turns at the ZCFD point, it is required to calculate the load points needed to “see” each 
slot when there is minimum main-fieled interference. The parameters required for the 
calculation are shown in Figure 11.56 and used in the following formula to obtain the 
actual load points: 


Load angle, 5 = tan ' 


MW 


Mvar + [(F/F,,,,ed) x MVA,,,ed ^ SCR] 


where 

MW = operating power output 
Mvar = operating reactive power 
F, = operating terminal voltage 
F, rated ^ rated terminal voltage 
MV A = rated apparent power 
SCR = short-circuit ratio 

But before this can be done, it is also required to know what the slot angles are for 
the particular rotor being tested, and this is usually available from a rotor cross-section 
drawing such as the example in Figure 11.57. If the cross-section drawing is not avail¬ 
able, then one can make the assumption that the pole face accounts for one-third of the 
90° arc of a two-pole rotor and the winding face the other two-thirds. For a four-pole 
rotor this, is worked out over a 45° arc and so all values need to be divided by two to 
get the correct load points on the capability curve. 

It quickly becomes obvious when one starts to work out the required load points 
that to obtain the ZCFD for each slot, the entire MW load range must be traversed, as 
well as a significant portion of the MVar load range. For the slots where the rotor angle 
is largest, at rated load and rated power factor, MW should be held constant for the cal¬ 
culation and the MVars calculated to find the load point. For the slots where the load 
angle is smaller, below rated load, the MVars should be held constant and MW calcu¬ 
lated to find the load point. 
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Fig. 11.56 Capability chart representation of the calculation for rotor load angle to 
determine the zero crossing flux density angle for a rated load of a two-pole machine 
with a 0.85 pf, given a specific short-circuit ratio and rated load. 


Since the operating terminal voltage is not known in this application of the formula 
above, one can assume rated terminal voltage for a close approximation, and the for¬ 
mula then reduces to the following: 


Load angle, 5 = tan ' 


MW 

Mvar + (MVA,^,ed SCR) 


The load angle will be known for each slot from the rotor drawing and the SCR 
from the machine data sheets, as well as the MV A rating of the generator. All one 
needs to do is hold either MW or MVar constant and vary the other to get a set of 
ZCFD curves on a capability curve so that the flux probe test can be carried out (Figure 
11.58). 


Example of Using the Flux Probe and Low do Voltage Tests to Deter¬ 
mine Location of Multiple Shorted Turns. The following example presents a 
well-documented case of a successful major troubleshooting effort geared to remove a 
number of shorted turns in the field winding of a large turbo-generator rotor. This case 
is presented to demonstrate that even a difficult problem can be resolved in a positive 
manner when it is addressed methodologically technically and managerially. Although 
in this example the technical side of the effort will be presented, the project manage¬ 
ment and coordination between the station and the OEM was critical in achieving the 






Fig. 11.57 Schematic drawing of a two-pole rotor with eight slots, showing the ap¬ 
proximate rotor load angles required to obtain the zero crossing flux density for each 
slot, for clear shorted turns detection. 
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Fig. 11.58 This figure shows the resulting load points and rotor angles for an actual 
test carried out for shorted turns determination for a two-pole machine. 


set goals within schedule and budget. There is no shortcut when it comes to spending 
the time in coordinating the job between all involved parties, inside and outside the 
station, as well as ordering all required equipment and spare parts, including those that 
may be required for certain low-probability but high-cost contingencies. 

The machine in question has an 1800 rpm, 1300 MVA, direct-water-cooled stator 
and hydrogen-cooled rotor. The weight of the rotor is about 200 metric tons. Trans¬ 
portation to an OEM or suitable third-party shop was considered as too risky and time- 
consuming. Therefore, it was decided that the repair would be carried out in the sta¬ 
tion, on the turbine deck. Being an open-air turbine deck, suitable large tents were 
temporarily installed on the deck (Fig. 11.59). 

Development of the Shorted Turns. This unit had suffered a loss-of-lubrication 
event that weakened its windings because of the large vibration and quick deceleration 
accompanying the incident. This happens because due to the partial loss of support of 
the coils by the retaining-ring at low speeds, the end windings of a turbo-generator are 
prone to damage during incidents that produce large tangential forces during fast de¬ 
celeration. In the months following this event, two step increases in the vibration levels 
of both bearings of the generator were recorded (Figs. 11.60 to 11.64). 
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Fig. 11.59 Rotor in tent placed on the turbine deck. Strict FME controls were estab¬ 
lished, making the area no less “clean” than similar FME areas at the OEM’s shop. A 
second tent, directly connected to the rotor tent and of similar dimensions, was set up 
to abut the rotor tent, so that entire coil bars and the full-length wedges could be 
moved to and from the rotor into the other tent, where the turn insulation and other re¬ 
pair work was performed. 


Explanation of the Two Vibration Steps. Following the two step increases in 
vibration levels, an effort was initiated to try to elucidate the source of the problem. At 
the beginning, many possible sources for the increased vibration were listed (see Sec¬ 
tion 11.10.1 for such a list). Because the unit in question is in a nuclear plant and car¬ 
rying out large generator load changes for testing purposes is not a particularly inviting 
proposition, it was decided to do a “mini” thermal sensitivity test by changing VAR 
output while keeping the MW output constant. Figure 11.65 shows the results of the 
test, which point to a VAR-sensitive rotor. 

The most direct measurement of shorted turns is the rotor flux probe (also called 
airgap flux probe, or just flux probe). A flux probe with capability for reading tangen¬ 
tial and radial flux was installed on this machine. Radial flux is the flux linking the ro¬ 
tor with the stator, whereas tangential flux is the rotor-slot leakage flux (Fig. 11.66). 
Some probes available in the industry are sold with only radial capability. However, it 
has been shown that depending on load conditions, one or the other may be more sen¬ 
sitive. Thus, a probe that offers the capability to read both radial and tangential flux 
may be more advantageous. Figure 11.67 shows the differences recorded from the tan- 
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Fig. 11.60 The graph shows the behavior of both generator bearings (turbine end: 
bearing #9; exciter end: bearing #10). Both bearing vibrations increase in two steps 
about six months apart. The step changes occurred at exactiy the same that time the 
grid experienced an abnormai condition, in both cases, iarge swings in power and fre¬ 
quency were experienced at the station switchyard, foilowed by about 10 to 13 min¬ 
utes of increased negative-sequence currents. Aithough the negative-sequence cur¬ 
rents were weli within the capabiiity of the unit as provided by the reievant IEEE 
standards, they introduced small torsional oscillations in the generator. 


gential and the radial coils of a flux probe. Figure 11.68 shows the obtained proof of 
the existence of shorted turns using the flux probe. 

The vibration of a turbo-generator rotor due to shorted turns in its winding is the re¬ 
sult of two forces, both acting on the rotor in the same direction and “pushing” it away 
from its center of gyration. One force is created by the thermally induced bowing of 
the forging due to uneven heating of the rotor caused by the shorted turns. The other 
imbalance is magnetic in nature. It is the result of the asymmetric distribution of the 
rotor’s magnetic field created by the shorts. Figure 11.69 schematically shows how 
this happens. It so happens that two-pole and four-pole generators react somewhat dif¬ 
ferently to shorted turns in their field windings. Two-pole machines are more sensitive 
to thermally induced bowing of the rotor, whereas four-pole machines are more sensi- 
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Generator Grid event 



X (time) 

Fig. 11.61 The graph shows the generator terminal currents (in amperes, left ordi¬ 
nate) and the vibration of bearing #10 (generator’s exciter end). It can clearly be seen 
that during the grid disturbance, lasting about 10 minutes, the vibration step occurred 
about 2 minutes and 45 seconds after the beginning of the disturbance. This was the 
first instance when the generator bearings went through a step increase in vibrations. 
The second instance is remarkably similar. 
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Fig. 11.62 Voltage deviation at the terminals of the generator discussed in this section. 
It is clearly shown on the graph that the voltage dropped momentarily by up to 10%. 
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Pacific Time 


Fig. 11.63 Same grid incident as in previous figure. This graph shows the current 
changes at the machine terminals during the grid disturbance. 



Pacific Time 


Fig. 11.64 Same grid disturbance as in previous figure. The graph shows generator 
power swings of up to 2000 MW. This is almost twice the rated output of the machine. 
These quick and large power changes translated into severe transient forces on the 
end windings of both the stator and, indirectly, the rotor, due to strong torsional oscil¬ 
lations. 
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Constant MW/Variable MVAR Test 



X (time) 

Fig. 11.65 Graphs of generator bearing vibration (measured in displacement mils) 
versus MVAR loading. A 5 minute delay of the vibration response can be attributed to 
the thermal component of the rotor Imbalance. 



Fig. 11.66 The figure shows a rotor slot with the tangential flux wrapping it and the 
radial flux parallel to It (with the arrows pointing down). 
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Fig. 11.67 Online readings taken from the rotor flux probe installed in the 1300 MVA, 
1800 rpm generator. There is good correlation between radial and tangential readings 
for most slots. However, in some slots, in particular slot #2, the differential is substan¬ 
tial. Poles are shown in rows and slots in columns. 


tive to the unbalanced magnetic pull created by the shorted turns. The explanation is 
rather simple. In the case of thermal bowing, all things being equal, a rotor at higher 
rotational speed will cause more intense vibrations with the same displacement (recall 
that centrifugal acceleration is proportional to the speed to the power of two). On the 
other hand, the magnetic field of a four-pole machine has one more degree of freedom 
than a two-pole unit, allowing it to create a much more uneven field distribution 
around the circumference. The result is a larger magnetic imbalance, all else being 
equal (Fig. 11.70). Therefore, four-pole generators with shorted turns in their rotor 
windings may also exhibit an increase in the vibration of the stator (due to the magnet¬ 
ic unbalanced forces established between the rotor and the stator across the airgap). In 
four-pole rotors with multiple shorted turns in more than one pole (as was the case 
with the machine studied in this example), the unbalanced magnetic pull can be more 
striking, resulting in intense vibrations in the stator core and frame (Fig. 11.71). 

At this stage, plant personnel recognized that the generator had developed a number 
of shorted turns in the rotor winding. The next step was to try to identify the location of 
the shorts so that proper repair planning could be initiated. 

Identification of Number of Shorted Turns and Their Location. The ability to 
retrieving data from the rotor flux probe coupled with some technical ingenuity allowed 
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Online flux-probe readings 
415 MW/115 MVAR radial probe 
Flux Probe Data Overlay - Pole A, B, C & D Load Slots 



Fig. 11.68 Traces obtained from the rotor flux probe. As explained in Chapter 5, Sec¬ 
tion 5.5.4, the sensitivity of the flux probe for a particular slot depends on the load 
point of the machine. In this case, readings were taken with the flux probe as the unit 
shed load going into an outage, making it possible to obtain sensitive readings for all 
rotor slots (five per half-pole in this design). The graph in this figure is only one of a 
number taken. In this graph, in the flux-density-zero-crossing curve between slots 3 
and 4, a number of shorted turns are indicated in those slots in a number of poles. 


plant personnel to clearly identify the location and number of shorted turns. By analyz¬ 
ing the traces of Figures 11.67 and 11.68, the number of shorted turns where estimated 
at about 9 or 10. The location was established by adding to the graph of Figure 11.68 a 
key phasor or reference mark. The key phasor was obtained from the bearing-vibration 
system. The key phasor is read from a turbine coupling along the unit train. To link the 
position of the key phasor with a specific pole and slot in the generator’s rotor, drawings 
of the rotor and coupling were used. Figure 11.72 schematically shows how all the dots 
were connected together to determine the position of each shorted turn. 

The result of this effort is shown Table 11.1. The information in Table 11.1 allowed 
the station and the OEM to prepare the scope of repairs, including required equipment, 
spare parts, lay-down area, and number of winders and other personnel. This informa¬ 
tion was key in the successful implementation of the repair plan. 
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THERMAL ASYMMETRY 



Fig. 11.69 Schematic representation of the two aligned forces causing the vibration 
of a rotor with shorted turns. 


Although the information in Table 11.1 identified in which pole and slot a particular 
shorted turn was, it neither identified in what side of the pole the short was (each coil 
rests in two slots, one at each side of a pole) nor which turn was shorted. To obtain this 
information, the following test was implemented. After both retaining rings were re¬ 
moved the volt drop method was used to take resistance readings between each pair of 
turns as they leave the slot (Figure 11.73). (See Section 11.7.10 above for details on 



Fig. 11.70 The figure shows how the magnetic field remains quite symmetric in a 
two-pole rotor with shorted turns, whereas in a four-pole rotor, the asymmetric redis¬ 
tribution is quite obvious. 
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Fig. 11.71 Four-pole rotor with shorted turns in two contiguous poles. The resulting 
asymmetry in the field distribution Is significant. 


KEY-PHASOR PROBE- 
VERTICAL 



Fig. 11.72 The graph schematically shows how drawings, key-phasor readings, and 
flux-probe readings were combined to identify the location of each shorted turn. 
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Table 11.1 Predicted location and number of shorts in a 1300 MVA, 1800 rpm 
rotor. The total number of shorts estimated as nine or ten. 


Pole 

Coil 1 

Coil 2 

Coil 3 

Coil 4 

Coils 

1 

0 

0 

1 

3 or 4 

0 

2 

0 

1 

0 

0 

0 

3 

0 

1 

0 

1 

0 

4 

0 

0 

2 

0 

0 


the volt drop method to detect shorted turns.) By tabulating and comparing the resis¬ 
tance values found for each slot, the location of each of the shorted turns predicted in 
Table 11.1 was established. (See Figure 11.53 for typical traces found when shorts are 
present.) Many shorted turns, in particular in the end winding region, tend to “disap¬ 
pear” once the rotor is brought to standstill. This is because the centrifugal forces that 
keep the turns in the end winding tightly packed only exist while the rotor rotates at 
high speed. To compensate for this situation, an RSO can be connected to the terminals 
of the winding and a rubber hammer used to tap each coil (Fig. 11.74). If a RSO re¬ 
sponse is observed, it means that the coil being tapped has a shorted turn in that over¬ 
hang. Steel bands can be applied to the end winding to simulate centrifugal forces and 
activate any elusive short that may have disappeared when the unit was brought to rest. 
Also, rotation of the rotor on the pads can elicit response from some shorted turns by 
shifting the weight on the turns. 



Fig. 11.73 Resistance measurements between each pair of turns as they leave the 
rotor slot at both sides of the forging allows determination of location of the shorted 
turn (marked with an X). This technique allows one to identify both the slot where the 
shorted turn is and the turn shorted in the slot. 
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Fig. 11.74 Many shorted turns tend to “disappear” once the centrifugal forces are re¬ 
moved by bringing the rotor to standstill. By taping the overhang with a rubber ham¬ 
mer, it is possible to elicit a response from an RSO connected across the terminals of 
the field winding. If the RSO responds to the tapping, It Indicates that a shorted turn is 
located In the coll being tapped. This technique helps remove shorted turns from the 
end windings. 


With aid of the tools and techniques mentioned above, all shorted turns were actual¬ 
ly found, as tabulated in Table 11.2. The almost perfect correlation with the predicted 
number and location of the shorts (Table 11.1) is remarkable. This was the result of 
significant effort in preparation for the repair outage, as well as the foresight of in¬ 
stalling airgap flux probes early in the life of the generator. Figures 11.75 and 11.76 
show the actual position of the shorts as found, and an example of one of the nine 
shorts. Once the generator had all its shorted turns repaired and the unit was brought 
back online, the vibration levels of the generator were back to normal. 


Table 11.2 Shorted turns found (in parentheses) versus those predicted. It can 
cieariy be seen that the prediction was extremeiy accurate. 


Pole 

Coil 1 

Coil 2 

Coils 

Coil 4 

Coils 

1 

0 

0 

1 

3 or 4 

0 




(1) 

(4) 
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0 



(1) 
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0 



(0) 


(1) 
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11.7.13 Field-Winding Ground Detection by the Split-Voltage Test 

The “split-voltage” test is used locate rotor grounds as a percentage through the field¬ 
winding. For this test to be effective, the resistance to ground of the fault must be less 
than 5% of the balance of the rotor insulation, and the voltmeter must have high input 
impedance compared to the ground fault. The retaining rings should also be left on in 
case the ground is to one of the rings. 

The test is done by applying up to 150 volts dc, ungrounded, across the slip rings. A 
measurement of dc voltage is then taken from the rotor coupling at the turbine end of 
the forging to one of the collector rings. A measurement is next made from the other 
collector ring and the same location on the rotor coupling at the turbine end. This way, 
the two voltage measurements can be compared to estimate how far into the winding 
the ground has occurred. If the two measurements are equal, the rotor ground fault 
should be found in the middle of the winding. If there is less than 2% difference be¬ 
tween the two readings, then the ground could possibly be at the collector rings. 

This test is very useful in helping to determine how much dismantling is required to 
find the ground. Depending on where the ground is located, it can obviously make a 
big difference in the time expended to find the fault (Fig. 11.77). 


11.7.14 Field-Ground Detection by the Current-through-Forging 
Test 

The current-through-forging test is another test used to locate rotor-winding grounds. 
In this particular application, the test is used to locate the actual “axial” position of the 
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Fig. 11.75 The figure shows the slot location of each shorted turn as found during the 
repair effort. As expected, almost all shorted turns were found In the end windings. 
(Courtesy of Alstom Power Inc.) 
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Fig. 11.76 One of the nine shorted turns found during the repair of the 1300 MVA, 
1800 rpm unit. The top schematics show the position of the short (Pole 1, Coil 4, Turns 
6-7). The bottom left shows the small burn mark on the copper conductor, whereas 
the bottom right shows the perforated insulation between turns 6 and 7. (Courtesy of 
Alstom Power Inc.) 
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Apply 40-150 Volts do Ungrounded 
Across Collector Rings 



Fig. 11.77 Rotor-ground detection by split-voltage test. 


ground. The retaining rings should be left on the rotor in case the ground is at one of 
the rings. 

For this test, a dc current of about 500 amps is put through the forging from the tip 
of the forging at the slip-ring end to the coupling at the other end. A dc ammeter is 
used to look for the ground position. This is done by attaching one lead of the ammeter 
to the most outboard slip ring, and then using the other lead to probe along the axial 
length of the rotor forging. At the point where the ground is, the current should be 
zero, or if the current is not zero but only very low, then there will be a polarity change 
at the ground location (Fig. 11.78). 



Ground is at the location where I = 0 or where -0 = +0 if the current reading is iow 


Fig. 11.78 Rotor-ground detection by the current-through-forging test. 
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11.7.15 Shaft Voltage and Grounding 

During operation, voltage may rise on the generator rotor shaft unless the shaft is 
grounded. The sources of shaft voltage are well established and identified as voltage 
from the excitation system due to unbalanced capacitive coupling, electrostatic volt¬ 
age from the turbine due to charged water droplets impacting the blades, asymmetric 
voltage from unsymmetrical stator core stacking, and homopolar voltage from shaft 
magnetization. If the electrostatically induced voltages are not drained to ground, 
they will rise and break down the various oil films at the bearings, hydrogen seals, 
turning gear, thrust bearing, and so on. The result will be current discharges and elec¬ 
trical pitting of the critical running surfaces of these components. Mechanical failure 
may then follow. 

It should be also be noted that shaft grounding is required to ensure that the shaft is 
not “floating” and that the magnetically induced voltages, which cannot be eliminated 
by shaft grounding are insulated against at the bearings and hydrogen seals. It is im¬ 
portant that the insulation systems at the bearings and housings be maintained in good 
condition to prevent large currents from flowing through the bearings and/or hydrogen 
seals. 

Inadequate grounding of the rotor will also allow voltage to build up on the genera¬ 
tor rotor shaft. Inadequate grounding may be due to a problem with the shaft ground¬ 
ing brushes caused by wear (requiring replacement of the brushes) or a problem with 
the associated shaft-grounding circuitry if a monitoring circuit is provided. 

High shaft voltages can also be caused by severe local core faults of large magni¬ 
tude, which impress voltages back on the shaft from long shorts across the core. Pro¬ 
tection against shaft voltage buildup and current discharges is provided in the form of a 
shaft-grounding device, generally located on the turbine end of the generator rotor 
shaft. The most common grounding device consists of a carbon brush or copper braid, 
with one end riding on the rotor shaft and the other connected to ground. 

Shaft voltage and current monitoring schemes are also provided in many cases to 
detect the actual shaft voltage level and current flow through the shaft-grounding 
brushes. This has the advantage of providing warning when the shaft grounding sys¬ 
tem is no longer functioning properly and requires maintenance. There are numerous 
monitoring schemes available, and each OEM generally has its own system provided 
with the turbo-generator set when purchased. For older machines with only grounding 
and no monitoring, a monitoring system can usually be retrofitted to the existing 
ground brushes. The OEM should be consulted when upgrading the shaft monitoring. 
(Refer to Chapter 6 for additional discussion on this topic). 


11.8 HYDROGEN SEALS 
11.8.1 NDE 

The main tests done on the hydrogen seals are liquid penetrant inspection (LPI) for 
cracks and other surface damage, and ultrasonic testing (UT) for babbit bonding to the 
seal-ring components. 
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11.8.2 Insulation Resistance 

Megger checks of the seal insulation to ground are done to ensure the rotor shaft is 
not grounded through the hydrogen seals. The hydrogen-seal ring needs to be insu¬ 
lated from the shaft, to carry out the megger test. This is usually done at only 500 V 
dc. 

11.9 BEARINGS 

11.9.1 NDE 

The main tests done on the generator rotor bearings are liquid penetrant inspection 
(LPI) for cracks and other surface damage (Fig. 11.79), and ultrasonic testing (UT) for 
babbitt bonding to the bearing shell. 

11.9.2 Insulation Resistance 

Megger checks of the bearing insulation to ground are done to ensure that the rotor 
shaft is not grounded through the bearings. This is usually done at only 500 V dc. (Re¬ 
fer to Chapter 9 for additional information about bearings.) 



Fig. 11.79 Rotor bearing after liquid penetrant has been removed and the white de¬ 
veloper applied. No cracks or abnormalities were found on this half-bearing. 





11.10 THERMAL SENSITIVITY TESTING AND ANALYSIS 


767 


11.10 THERMAL SENSITIVITY TESTING AND ANALYSIS 
11.10.1 Background 

The thermal stability analysis is performed when vibrations of unknown origin afflict 
the generator. The purpose of the analysis is to narrow the search for the origin of the 
vibrations by determining if the vibrations are due to changes in the magnitude of the 
field current in the field winding or something else. 

Generator-rotor thermal sensitivity is a phenomenon that occurs in the rotor when 
its vibration changes as the field current is changed. This has occurred in generators of 
all manufacturers at one time or another. The thermal sensitivity can be caused by (1) 
uneven temperature distribution circumferentially around the rotor, (2) winding forces 
that are not distributed uniformly around the rotor’s circumference, or (3) asymmetri¬ 
cal radial gap forces. The primary driver of the second cause is the large difference in 
coefficients of thermal expansion between the copper coils and the steel alloy rotor 
forgings and components. If the rotor winding is not balanced both electrically and 
mechanically around the rotor, the generator rotor will be unevenly loaded, which can 
cause the rotor to bow and cause vibrations to change. 

From experience, it is known that rotor thermal sensitivity rarely affects operation 
when the unit operates in the region of the rated power factor, because the rotor is be¬ 
low its rated temperature in this region of operation. 

Vibrations due to a thermally sensitive rotor are produced mostly at running speed 
frequency. The vibrations’ origin can be further categorized as being “reversible or 
repetitive” and “irreversible.” Reversible vibrations are those in which the vibration 
vector, when plotted on a polar graph, will not shift (Fig. 11.80). Irreversible vibra¬ 
tions show a shifting vector (Fig. 11.81). These last ones are the most onerous, as they 
cannot be balanced over the long run. Almost invariably, they result in a winding re¬ 
moval and rewind. To capture the presence of these vibrations, the constant MW test is 
done in both directions, namely, with the field current changed both ways. Figures 
11.80 and 11.81 show what to expect in both cases. In the figures, the test is started in 
point A and ends at point G. 

F’/eW-related vibrations might indicate the presence of one or more of the follow¬ 
ing: 

• Shorted turns in the field winding (the vibration vector is reversible versus If for 
a given number of shorted turns) 

• A ratcheting effect (i.e., coils shift to one side of the rotor and the vibration vec¬ 
tor becomes irreversible) 

• “Sticky coil” (vibration vectors tend to be reversible, but vibration changes 
might be “jumpy”) 

• Crease under the retaining ring (vibration vectors may be reversible in the short 
run but might be of a ratcheting nature in the long run) 

• Partial blockage of gas paths inside the rotor (the vibration vector is reversible in 
the short and medium turns, and irreversible if insulation keeps moving; re¬ 
versible during the test) 
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Fig. 11.80 Reversible vibrations in a thermally sensitive rotor. Note that the vibrations 
have a given value at a given load point. Changing loads will change the vibration, but 
it will always be the same for a given load. In the rotor of the graph, the field current 
was changed from A to D back to G(= A). As the field current is decreased, the vibra¬ 
tions came back to their original value for each load point. 


Vibration 

Ampiitude 



Fig. 11.81 Unlike the situation shown in the previous figure, in the present case the 
vibrations are not reversible. With every cycle of load they “creep up.” This situation 
has the potential of requiring a major repair of the rotor in short order. 
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• Rotor stiffness dissymmetry (reversible vibrations) 

• Wedges that were partially replaced during overhaul, and are not of identical di¬ 
mensions, resulting in uneven fit along the circumference (vibrations tend to be 
reversible) 

• Insulation that broke and shifted in the slots (reversible or irreversible during 
test, depending on severity of insulation damage) 

• Nonhomogenous forging (vibration vector is reversible; vibration pattern will 
show up when unit is new or after repair of the forging, e.g., welding and ma¬ 
chining) 

If the unit does not indicate a field-current dependency, then most probably vibra¬ 
tions are of a mechanical nature. 

Possible causes of rotor vibration are: 

• Rotor mechanical imbalance due to a mass shift 

Retaining-ring movement 
Balancing weights shift 
Wedges shift 
Fan shift 

Shift of blocking under the retaining rings 
Any other mass shift 

• Crack in the rotor forging or in one of its components 

• Loose components 

Possible causes of stator/frame vibration are: 

• Uneven heating of the stator coils, core, and frame 

• Bearing misalignment 

• H 2 seals rub 

• Coupling misalignment 

• Loose footing 

• Lose components 

• Frame twisted 

11.10.2 Typical Thermal Sensitivity Test 

In order to segregate between the various sources, a thermal sensitivity test is per¬ 
formed. The following variables are recorded during the test (others may be added to 
the list). All manufacturers of large generators perform this type of test with some vari¬ 
ances, under one name or another. The following list contains the most common ap¬ 
proaches. Consult with the OEM of your unit for the test on your machine. 
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• MW 

• MVAR 

• Terminal volts 

• Terminal current 

• Field voltage 

• Field current 

• Vibration of all bearings of interest 

• Temperatures of interest 

• Time (hours, minutes) to stamp and correlate all readings 

It is important to verify that the unit remains within its capability curve for the en¬ 
tire duration of the test. For that purpose, it is convenient to plan the load points ahead 
of the test, though it is not critical the actual load points selected during the test closely 
match those in the plan. 

The test has three main parts. 

1. Constant MW and MVAR. The aim of this test is to capture a rotor that is ther¬ 
mally sensitive due to forging asymmetries (due to the forging process or to ma¬ 
chining, welding, etc.) or to stator-frame issues. During this part of the test, the 
unit’s active and reactive power are held constant (AVR manual). The tempera¬ 
ture of the generator’s hydrogen is changed in steps by controlling flow of cool¬ 
ing water to the hydrogen heat exchangers. Stator water temperature is not 
changed. It is important to ascertain that the unit remains within its temperature 
operating limits. Readings are taken when the temperatures are stable, and the 
time is noted (hours, minutes). This test is done at a reduced load point, to 
“make room” for temperature increases during the test. 

2. Constant MW. During this part of the test, the generator’s gross MW output 
must remain constant. With MW constant, the field current is changed (thus, 
the VARs also change), and readings are taken of the variable parameters. The 
test is repeated for a number of field-current values. After a new Ifis set, the ma¬ 
chine is allowed run for a given time to allow temperatures to stabilize, and then 
the readings are noted and the time is recorded. The field current is changed in 
both directions to capture “ratcheting” problems. 

3. Constant Field Current (If). During this part of the test, the 7^ must remain con¬ 
stant and the AVR must be set to manual. Under this condition, the MW of 
the generator is changed in steps. After every change, the unit is allowed to 
stabilize, and readings of the variables of interest are taken and the time is not¬ 
ed. 

By analyzing the test results, it is possible to reduce the number of possible causes 
to one or a very small number. This is very important, as it helps minimize the cost of 
any required outage and repair. 
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11.11 HEAT-RUN TESTING 

A heat run is a method used to determine the temperature rise of the various parts of 
the generator during operation. This is usually done for new equipment to ensure that it 
meets the specified requirements for operation within its design temperature limits. 
Often, a heat run test is also carried out when a generator is exhibiting problems and a 
comparison to previous heat run data is required. This type of comparison allows 
checking for progressive deterioration and the rate of deterioration. 

11.11.1 Test Procedure 

Three different load points are required as a minimum to obtain information about the 
generator performance at full load. These should preferably be done at the full MW 
output of the generator for the minimum leading power factor load point, the unity 
power factor load point, and the maximum lagging power factor (rated) load point. 

Full-load heat run tests should be performed with the generator synchronized to the 
system and operating normally at maximum rated MW load and rated H 2 gas pressure. 
At each test load, generator operation should be held constant for at least 30 minutes to 
allow all generator internal temperatures of the machine to stabilize. Readings should 
be taken of all generator and auxiliary parameters as follows. 

Electrical Parameters: 

Power Output, MW 
Reactive Power, MVar 
Terminal Voltage 
Average Stator Current 
Individual Phase Currents 
Field Voltage 
Field Current 

Rotor Winding Temperature 
Shaft Voltage 
Exciter Power 
Flydrogen System: 

H 2 Pressure 
H 2 Purity 
H 2 Dewpoint 

All Cold H 2 Gas Temperatures 
All Hot H 2 Gas Temperatures 
Flydrogen Coolers: 

Auxiliary Cooling Water Inlet Temperature to Coolers 
Auxiliary Cooling Water Outlet Temperature, All Coolers 
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Exciter: 

Cooling Air Inlet Temperature 
Cooling Air Outlet Temperature 
Bearings: 

Lube-Oil Inlet Temperature 
Lube-Oil Outlet Temperatures 
Bearing-Metal Temperatures 
Bearing Vibration 
Hydrogen Seals: 

H 2 Seal Inlet Oil Temperature 
H 2 Seal Outlet Oil Temperatures 
H 2 Seal Metal Temperatures 
Seal-Oil System: 

Seal-Oil Supply Pressure 
Seal-Oil Inlet Pressures 
Seal Oil/H 2 Differential Pressure 
Generator Seal-Oil Inlet and Outlet Temperatures 
Stator Cooling Water System: 

Generator SCW Inlet Temperature 
Generator SCW Outlet Temperatures 
SCW Conductivity 

Generator SCW Inlet and Outlet Pressures 
SCW Coolers, Inlet and Outlet Temperatures 
Raw Cooling Water to SCW Coolers, Inlet and Outlet Temperatures 
Stator Winding Temperatures: 

All Hose Outlet Thermocouples or RTDs 
All Stator Slot Thermocouples or RTDs 
Stator Core Temperatures: 

All Stator Core Thermocouples or RTDs 

All Core End Plate Thermocouples 

All Core End-Plate Flux-Shield Thermocouples 

11.11.2 Acceptance Parameters 

During the heat-run testing at the specified load points, the following parameters must 
be met to ensure that the equipment has met the design operational limits. 

1. Power, MW. The rated power in MW must me met over the full power-factor 
range from 0.95 leading to 0.90 (or sometimes 0.85) lagging, without exceed- 
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ing any Class B temperature limits of 130°C or vibration limits specified on 
any of the stator, rotor, or excitation components. 

2. Reactive, Mvar. The stator must be capable of exporting the design level of 
MVars at full MW output and importing full design MVars at full MW output, 
without exceeding any Class B temperature limits of 130°C on any of the sta¬ 
tor, rotor, or excitation components, or vibration limits on the stator core and 
frame and stator windings. 

3. Terminal Voltage. The stator should be capable of operating over the full ter¬ 
minal voltage range, -i-5% and -5%, at full MW output, and MVar and power- 
factor range, without exceeding any Class B temperature limits of 130°C on 
any of the stator components. In some cases, a wider terminal voltage range 
may be applicable, depending on the original machine capability. 

4. Average Stator Current. The stator should be capable of operating up to full rat¬ 
ed stator current without exceeding 80°C on any measured stator conductor bar 
water-outlet temperature sensor or on any of the temperature sensors embedded 
between stator bars in the slot on the stator winding. The measured differential 
temperature between top and bottom stator bars should not be greater than 10°C. 

5. Stator Vibration. The stator end-winding vibrations should not exceed the de¬ 
sign limits (usually 4 mils or 100 micrometers peak to peak) for any load point 
tested over the full power-factor range of the generator. 

6. All Cold H 2 Gas Temperatures. The cold hydrogen gas temperature should be 
less than 40°C during all heat-run testing for acceptance. 

7. Generator SCW Inlet Temperature. The stator cooling water inlet temperature 
should generally be less than 50°C during all heat-run testing for acceptance. 

8. All hose outlet thermocouples or RTDs should maintain temperatures less than 
90°C over the full MW and MVar range of the generator. 

9. All stator-slot thermocouples or RTDs should maintain temperatures less than 
90°C over the full MW and MVar range of the generator. 

10. All stator core thermocouples or RTDs should maintain temperatures less than 
130°C over the full MW and MVar range of the generator. 

11. All core-end-plate thermocouples or RTDs should maintain temperatures less 
than 130°C over the full MW and MVar range of the generator. 

12. All core-end flux shunt or flux screen thermocouples or RTDs should maintain 
temperatures less than 130°C over the full MW and MVar range of the generator. 

13. There should be no shorted turns in existence on the installed rotor as measured 
by a flux probe, if one is installed. 

11.12 HYDROGEN LEAK DETECTION 

Hydrogen leaks or potential leak areas are discussed in a number of sections of this 
book. One of the areas where hydrogen may leak is the casing. The casing in hydro- 
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gen-cooled machines serves two important functions: It is part of the stator supporting 
structure, together with the frame, and it is a pressure vessel designed to safely contain 
the hydrogen inside the machine. There are a number of mechanisms by which hydro¬ 
gen may escape, such as cracks, manholes, instrument penetrations, pipe connections, 
leaky gaskets, hydrogen shaft-oil seals, and the like. Following are some of the issues 
related to casing leaks. Figure 11.82 shows such a leak. 

In addition to the loss of hydrogen from the casing in various locations, additional 
areas where hydrogen may leak from the generator are into the stator conductor bars 
and, hence, into the stator cooling water and its associated system (see Section 11.4 
above for details); and into the seal oil and into the hydrogen coolers and the raw ser¬ 
vice water. All of these represent a loss of hydrogen from the machine and will cause 
the casing pressure to decrease. Finding and quantifying the leaks is extremely impor¬ 
tant as each leak location can have subsequent detrimental effects on machine opera¬ 
tion as well as become a risk to the various internal components and a safety hazard to 
personnel. 

11.12.1 Pressure Drop 

A pressure test is a global test to ascertain that the casing is holding or not holding hy¬ 
drogen at operating pressures. There is always some loss of hydrogen pressure in the 



Fig. 11.82 Hydrogen leak through a bolt of one of the hydrogen coolers of a large 
generator. The bubbles are from a soapy substance used to find the leak. 
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generator and it is quantified as the amount of leakage of hydrogen from the generator 
in cubic feet per day. All generators should be capable of operating with less than 500 
cubic feet per day loss. When hydrogen does leak out of the generator, whether it be 
from the casing, into stator cooling water, or into the seal oil, the limit allowable is 
generally up to 1,500 cubic feet per day from all hydrogen loss sources. Upon reaching 
this value, investigations for the location of the leakage should begin. 

Determination of Casing H2 Leakage Rate. For leakage from the generator 
casing, the amount of leakage can be estimated while on the turning gear or at rest as 
follows: 


Pi + Bi P2^ B 2 

273 + Ti~ 273 + T 2 

where 

Lq = total F 12 gas loss from the casing, cubic feet per day 
V = volume of gas in the generator, cubic feet 
p[ = test duration in hours 
Pi = initial generator gas pressure, inches of Hg 
P 2 = final generator gas pressure, inches of Hg 
Bi = initial barometric pressure, inches of Hg 
B 2 = final barometric pressure, inches of Hg 
Ti = initial generator gas temperature, °C 
T 2 = final generator gas temperature, °C 

If the test was done in air, then to find the equivalent leakage of hydrogen at the 
tested pressure, when the hydrogen is 98% pure, hydrogen leakage at this condition = 
3.38 

It should be noted that the above method is only applicable when the temperature 
variation is 5°C or less and the pressure variation is 2 inches of Hg or less. 

If it is required to estimate the equivalent leak of hydrogen at operating pressure, 
the following relationship can be used to estimate this. 

Hydrogen operational leak rate. Lop = (3.38 x Lq) x 

cubic feet per day 


29.4+ Po 

29.4 + Pi 


j, cubic feet per day 


V ( 

Hydrogen leak rate total. Lq = 235 ^ '^l 


where 

Lop = equivalent H 2 gas leakage at operating pressure, cubic feet per day 
Lq = total H 2 gas loss from test, cubic feet per day 
Pa = operating generator gas pressure, psig 
Pi = Average test pressure in psig = [(Pj + P2)/2]/2.036 

Determination of Loss of H2 into Stator Cooling Water. When the leakage 
is into the stator cooling water, the amount of leakage is usually estimated by a leak 
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detection system whose output is given in cubic feet per day. The limit for the loss of 
hydrogen into stator cooling water is generally 50 cubic feet per day. At this value, in¬ 
vestigations should begin due to the concern for potential hydrogen gas locking of the 
stator cooling water flow in the stator winding. 

Determination of ioss of H2 into Seai Oii. For leakage into the seal oil, the 
amount of leakage can be estimated by the following method: 

(Si, X 60 minutes x 24 hours) 

Loss of gas into seal oil, = - — - x P x Q Sf, 

cubic feet per day 


where 

Zgo = total gas loss into seal oil, cubic feet per day 
Si, = solubility of FI 2 in oil = 7% (0.07) 
solubility of air in oil = 10% (0.10) 

P = generator gas pressure, atmospheres (5 Atm = 435 kPag = 60 psig) 

Q = seal-oil flow into generator in US-GPM (may be up to 7 US-GPM) 

Sf = saturation factor = 1.0 for H 2 in oil 
saturation factor = 0.5 for air in oil 

The leakage should be less than the 500 cubic feet per day normal leakage expected. 

11.12.2 SFgGas 

Using SFg gas is a technique that has been considered in the last few years to find 
small (and big) FI 2 leaks. It actually has been implemented in a number of stations. 

The principle of SFg leak detection is the fact that a few parts per million of that gas 
mixed with air or hydrogen are enough to detect a leak using a kind of infrared camera 
specifically tuned to the wavelength of light absorbed by SFg. If injected while the unit 
is running, leaks are very easily seen with the special camera. However, the technique 
is not widely implemented because of the existing concerns about the noxious compo¬ 
nents of SFg decomposition under electrical discharges. Inside a large generator, there 
is partial discharge activity (PDA) between the slots and coils, and corona in the end 
windings. PDA can be a source for decomposition of SFg inside a generator. Some of 
the resulting halides may have detrimental effects on critical components such as re¬ 
taining rings (halides have been documented as possible causes for stress corrosion 
cracking of retaining rings). Therefore, most if not all OEMs do not offer open support 
for using SFg as a leak detector in an operating machine. More research is required to 
evaluate the safety of this technique. The application of SFg as a leak detector must 
also be checked against applicable environmental regulations for each location. 

Leak detection by SFg can be deemed safe in those instances in which the applica¬ 
tion is carried out where there are no electrical discharges (e.g., if the machine is deen¬ 
ergized and if SFg is purged from the machine before energization). 
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Fig. 11.83 Hand-held ultrasonic leak detector. 


11.12.3 Helium 

Using helium for finding leaks in hydrogen-cooled generators goes back a long time. 
Special sniffers can detect helium with ease. Being also a very light inert gas, it is use¬ 
ful in finding very small leaks. Helium, though, is an invisible gas, and, thus, finding a 
leak can be a very tedious exercise. Helium is well suited to find leaks in the water 
boxes or water connections at the end of the stator bars. 

11.12.4 Snooping 

Applying a soapy mixture to a suspected area will cause bubbles to appear if and 
where a leak exists. Figure 11.82 shows such a case. It is a cumbersome method, but 
effective. 

11.12.5 Ultrasonic 

Special sonic snoopers (Figure 11.83) can pick up the very high-frequency noise creat¬ 
ed by a hydrogen leak. It is not effective for very small leaks, though. 


REFERENCES 

1. IEEE/ANSI C50.13-1989, “Requirements for Cylindrical-Rotor Synchronous Generators.” 

2. IEEE Std 1-2000, “IEEE Recommended Practice—General Principles for Temperature 
Limits in the Rating of Electrical Equipment and for the Evaluation of Electrical Insula¬ 
tion.” 

3. IEEE Std 4-1995, “Standard Techniques for High-Voltage Testing.” 

4. IEEE Std 43-2000, “IEEE Recommended Practice for Testing Insulation Resistance of Ro¬ 
tating Machinery.” 



778 


GENERATOR MAINTENANCE TESTING 


5. IEEE Std 95-1977 (R1991), “IEEE Recommended Practice for Insulation Testing of Large 
AC Rotating Machinery with High Direct Voltage.” 

6. IEEE Std 100-2000, “The Authoritative Dictionary of IEEE Standards Terms” (7th Edi¬ 
tion). 

7. IEEE Std 115-1995, “IEEE Guide: Test Procedures for Synchronous Machines. Part 1: Ac¬ 
ceptance and Performance Testing, Part II—Test Procedures and Parameter Determination 
for Dynamic Analysis.” 

8. IEEE Std 275-1992 (R1998), “IEEE Recommended Practice for Thermal Evaluation of In¬ 
sulation Systems for Alternating-Current Electric Machinery Employing Form-Wound Pre¬ 
insulated Stator Coils for Machine Rated 6900V and Below.” 

9. IEEE Std 421.1-1986 (R1996), “IEEE Standard Definitions for Excitation Systems for Syn¬ 
chronous Machines.” 

10. IEEE Std 432-1974 (R1991), “IEEE Recommended Practice for Insulation Testing of Large 
AC Rotating Machinery with High Voltage at Very Low Frequency.” 

11. IEEE Std 433-1974 (R1991), “IEEE Recommended Practice for Insulation Testing of Large 
AC Rotating Machinery with High Voltage at Very Low Frequency.” 

12. IEEE Std 434-1973 (R1991), “IEEE Guide for Functional Evaluation of Insulation Systems 
for Large High Voltage Machines.” 

13. IEEE Std 522-1992 (R1998), “IEEE Guide for Testing Tum-to-Turn Insulation on Form- 
Wound Stator Coils for Alternating-Current Rotating Electrical Machine.” 

14. IEEE Std 37.102-1995, “IEEE Guide for AC Generator Protection.” 

15. ISO 3746 (1995), “Acoustics—Determination of Sound Power Level of Noise Sources Us¬ 
ing Sound Pressure Survey Method Using An Enveloping Measurement Surface Over a Re¬ 
flecting Plane” (Second Edition). 

16. ISO 7919-2 (1996), “Mechanical Vibration of Non-reciprocating Machines—Measure¬ 
ments on Rotating Shafts and Evaluation Criteria. Part 2: Large Land-Based Steam Turbine 
Generator Sets” (First Edition). 

17. ISO 7919-4 (1996), “Mechanical Vibration of Non-reciprocating Machines—Measure¬ 
ments on Rotating Shafts and Evaluation Criteria. Part 4: Gas Turbine Sets” (First Edition). 

18. EPRI Report EL/EM-5117-SR, “Guidelines for Evaluation of Generator Retaining-Rings— 
Development of Ultrasonic Examination Method for Detection of Stress Corrosion Crack¬ 
ing in Generator Retaining-Rings,” April 1987. 

19. “Handbook to Assess Rotating Machine Insulation Condition,” EPRI Power Plant Series, 
Vol. 16, November 1988. 

20. “Turbine Generator Retaining Rings—Supplementary Information on the Inspection of 
Rings Manufactured in 18 Mn-18 Cr Steel,” Electra Magazine, October 1998. 

21. IEEE C50.13-2005, “IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous 
Generators Rated 10 MVA and Above.” 

22. “Phased Array UT Applications Development at the EPRI NDE Center”, Greg Selby, EPRI, 
NDT.net, October 1999, Vol. 4 No. 10. 

23. “Universal Phased Array UT Probe for Nondestructive Examinations Composite Crystal 
Technology”, J. Ritter, Siemens KWU, Erlangen, July 2001. 



12 


MAINTENANCE 


12.1 GENERAL MAINTENANCE PHILOSOPHIES 

Over the many years during which the authors of this book have been active partici¬ 
pants in the electric power generation business, they have witnessed a rising awareness 
of maintenance management issues. Improvements in the management of operations 
and more efficient and cost-effective maintenance practices have gone hand in hand 
with other significant developments: safety of employees and the public at large, relia¬ 
bility of electricity delivery, and conservation of the environment, for example (Fig. 
12 . 1 ). 

Over these years a number of maintenance-management studies and guidelines 
were published. References [1 and 2] are just two such important sources, with refer¬ 
ence [2] being the latest arrival on the subject. The nuclear industry has taken a big 
step forward by implementing a program for establishing system reliability based on 
the development of stochastic trees, in which the discrete probability of failure repre¬ 
sents single components. Discovering critical components helps determine those re¬ 
quiring special maintenance attention. Although mostly applied to nuclear plant safety 
systems, on occasion it extends to certain major plant equipment, such as main trans¬ 
formers and generators. 

In general, the maintenance philosophies adopted by the electric power industry can 
be categorized as belonging to one or another of the following: 


Handbook of Large Turbo-Generator Operations and Maintenance. By Klempner and Kerszenbaum 
Copyright © 2008 The Institute of Electrical and Electronics Engineers, Inc. 
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» DIESEL COGENERATION PLANT 



Fig. 12.1 Environmental friendliness. Schematic view of a selective catalytic NOx re¬ 
moval (SCR) system for NOx reduction installed on both a combustion turbine and a 
diesel engine. Both are prime movers for utility and industrial generators. 


1. Breakdown maintenance 

2. Planned maintenance 

3. Predictive maintenance 

4. Condition-based maintenance (CBM) 

An overview of these different approaches to maintenance is discussed below. 

12.1.1 Breakdown Maintenance 

This type of reactive approach (fix it as required) is usually employed for short-term 
economic gains with little regard to the future of the specific piece of equipment. For a 
large and central piece of equipment, such as a generator, it is rarely used in the devel- 
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oped world. It is commonly applied to smaller components when repair is more costly 
than replacement and loss of the particular component during operation does not dis¬ 
rupt the generation of electric power. Interestingly, with the advent of deregulation of 
the electric power industry, and with it the requirement for some utilities to divest their 
generating assets, some units have been operating with little attention to their required 
maintenance, to the extent they are being run “to breakdown.” 

12.1.2 Planned Maintenance 

Planned maintenance has been in the past and perhaps still is the predominant mainte¬ 
nance philosophy in maintaining critical equipment in power plants. 

Planned maintenance entails predictive maintenance and condition-based mainte¬ 
nance. These are based on experience concerning the reliability of the equipment ac¬ 
quired during many years of operation, as well as on load demands, weather, personnel 
availability, coordination with other plants of the same utility, and so on. For instance, 
in nuclear power plants, refueling cycles are a major determinant of when maintenance 
of major equipment, including the generator, is performed. Given this strong constraint, 
even if the plant, in general, follows predictive or condition-based maintenance, the pre¬ 
dicted/required maintenance timing and scope will be adjusted to accommodate the tim¬ 
ing of the refueling outage. Figure 12.2 depicts a typical state of affairs found in many 
stations following CBM practices constrained by planned maintenance schedules. 


Estimate 

date 

when re¬ 
wedging 
is 

required 



Fig. 12.2 Compromise between condition-based maintenance and planned mainte¬ 
nance requirements, in this exampie, based on CBM trending, the rewedge activity falis 
between two outages with the rotor out. The most probabie choices are moving the 
rewedge forward or back; each has its own technicai and economic merits and demerits. 
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12.1.3 Predictive Maintenance 

In predictive maintenance, the schedule is based mainly on statistical calculations. 
These calculations take into account parameters such as mean time to failure (MTTF) 
of critical components, age of the insulation components, type of insulation (insulation 
systems), load cycles, and abnormal operation events (e.g., short circuits close to the 
machine, motoring due to loss of turbine power, and asynchronous operation due to 
loss of excitation). 

Probabilistic risk analysis (PRA) is the science that tries to establish reliability in¬ 
dexes based on stochastic analysis. As stated previously in this chapter, this type of 
analysis is common to nuclear power stations. It determines probable modes of failure 
for critical equipment. Some aspects of this analysis spill over into maintenance proce¬ 
dures. For a comprehensive discussion of PRA techniques applied to nuclear power 
plants, see References [3-6]. 

It is important to recognize that predictive maintenance, together with planned 
maintenance, cannot determine in most cases the optimal time to inspect, maintain, 
and refurbish a specific piece of equipment, in particular something as complex as a 
large turbo-generator. Planned and/or predictive maintenance has proved to be ade¬ 
quate over many years of operation. However, recent trends of deregulating the elec¬ 
tric power industry are pushing utilities and independent power producers (IPPs) to do 
more with less. In the realm of maintenance, this translates into longer periods between 
turbine and generator inspections. The result may be lower reliability of operation and 
more catastrophic and expensive outages. 


12.1.4 Condition-Based Maintenance (CBM) 

CBM is the most recent approach to guide station personnel in determining when to in¬ 
spect, maintain, and refurbish a generator and other plant equipment. As the name ade¬ 
quately indicates, condition-based maintenance operations follow a concrete need by a 
component or apparatus to be refurbished. 

Condition-based maintenance can only be applied when equipment is monitored 
by a number of online, real-time sensors, as well as offline periodic testing routines. 
For example, the following parameters are candidates for continuous monitoring in 
a large generator: current, voltage, vibration, partial discharges, stator winding vibra¬ 
tion, air-/gasgap flux density, gas humidity, decomposition elements of insulation 
in the cooling gas, water purity, temperature of core/windings gas, and so on. 
Additionally, other periodic offline test inputs to CBM activities are current spectrum 
(for squirrel-cage large induction motors, not generators), electric tests of insula¬ 
tion components, visual inspection of commutators and dc field collectors, and so 
forth. 

Although requiring an initial higher capital investment in instrumentation, CBM is 
perceived as providing, in the long run, a more reliable and less expensive operation. 
In power plants with generators of 1000 MVA ratings and higher, the costs of forced 
outages are such that the expense incurred by the installation of the additional instru¬ 
mentation is well warranted. 
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12.2 OPERATIONAL AND MAINTENANCE HISTORY 

When planing the inspection and maintenance of a generator (or any other major elec¬ 
trical apparatus), it is critical to refer to the machine’s previous operational and main¬ 
tenance history. Following is a list of parameters that will influence the condition of 
the generator: 

Operating Statistics 

• Operating hours 

• Number of starts/stops 

Cold/warm/hot 

• Stress events 

Fast MW swings 
Fast MVAR swings 
Trips 

Sudden forced outages 
Load rejections 
Generator rejections 
Overspeeds 

• Descriptive summary of operating problems 
Outage and Maintenance Statistics 

• Forced outages 

• Unit deratings 

• Equipment incapability 

• Problem components (repairs and/or replacements) 

• Internal data 

• External data (NERC, CEA, EPRI, etc.) 

Identified OEM Generic Equipment Problems 

12.3 MAINTENANCE INTERVALS/FREQUENCY 

The issue of inspection and maintenance intervals or frequency is one that has come to 
the forefront in recent years. The advent of deregulation, among other things, created 
an incentive to extend the period between inspection and maintenance. This important 
topic is covered in this book in a number of places. 

Below we list the most important elements that are determinants of the maintenance 
intervals, based on the discussion of Section 12.1, above. 

Maintenance Planning 

• OEM recommendations 

Generally based on time or operating hours and known generic problems 
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• Preventive philosophy 

Regular and/or scheduled maintenance 

• Breakdown philosophy 

Maintain when forced 

• Extending inspection intervals 

Condition-based maintenance facilitates achieving this goal without placing 
the equipment and operation at risk 

Frequency Criteria for Planned Outages 

• By number of years of operation 

Generally not practiced nowadays 

• Operating hours (e.g., schedule a major outage after approximately 30,000 oper¬ 
ating hours) 

Adjust frequency based on operating duty (i.e., increase the frequency on two 
shifting units) 

• Governed by system schedules (i.e., major outage when unit not required by the 
system) 

• Condition-based maintenance 

Applied in a growing number of power plants 
Based on the actual equipment condition 

Allows increased availability by maintenance interval extension and reduces 
station maintenance costs if a machine is in good condition 
Can also result in generators in poor condition, leading to the need to be over¬ 
hauled more often out of necessity 

12.4 TYPE OF MAINTENANCE 
12.4.1 Extent of Maintenance 

Following is a brief description of those elements included in a minor outage scope and a 
large outage scope of work. Obviously, in different conditions the same scope can take 
vastly different lengths of time to be completed. Thus, more than the duration of the out¬ 
age, the scope of disassembly of the generator is the true indicator of the extent of the work. 

Minor Outage 

• No major dismantling of the machine (i.e., rotor not pulled from stator bore) 

• Minor consumable component replacement (gaskets, 0-rings, etc.) 

• Visual inspection 

• Usually only a few weeks duration 
Major Outage 

• Rotor removed 

• Hydrogen coolers usually removed (on hydrogen-cooled generators) 
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• Nondestructive examination (NDE) performed on critical components 

• Extensive inspection and testing 

• Usually not less than two months long, but getting shorter 

• Major repairs and replacements carried out 

• Mostly carried out when similar major overhaul is being performed on the prime 
mover 



Fig. 12.3 Exciter rotor, (a) Before and (b) after refurbishment. 
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12.4.2 Repair or Replacement 

On certain occasions, there is no doubt that a faulty component must be replaced be¬ 
cause of extensive damage (e.g., a retaining ring with a significant crack). However, 
most often the choice between replacement and repair is not so obvious. For instance, 
leaking hydrogen coolers can almost always be fixed or they can be replaced. 

The existence of spare parts is a significant advantage by presenting an excellent 
option for a quick turnaround. The trade-off is unused capital sitting on a shelf Obvi¬ 
ously, it is a cost-benefit issue unless some other issues are involved, such as criticali¬ 
ty of availability of that unit to the electric power system. 

The following list enumerates those drivers that may come into play when making 
decisions regarding when to repair or replace, or what spares to carry. 

Repairs 

• When components are capable of being fixed in a timely fashion 

• More economic than replacement 

• When reliability of operation is not compromised to any significant extent 

Replacement 

• When components are not capable of being fixed 

• When replacement is more cost-effective 

• When reliability of operation could be compromised by repairing one critical 
component 

Component Exchanges 

• Carried out for both minor and major components 

• From minor and major replacement spares 

• Reduction in downtime 

• Removed component can usually be repaired and put back in stock as a spare 

Decision-Making Factors 

• Cost of repair compared with replacement 

• Scheduling (time to repair vs. replacement) 

• Revenue loss (cost of downtime) 

• Replacement energy (usually from more expensive source) 

• Contracts in place for the delivery of power that must be honored 

• Reliability (operating duty required, e.g., double-shifting) 

• Risk to the system (How critical is the equipment to the interconnected network?) 

• QA (checks and balances to ensure that the work is done right) 

• Contractor selection (who gets the job) based on: 

Can they do the job to the required standard? 

Can they meet the required schedule? 

Is the price right? 
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12.4.3 Rehabilitation/Upgrading/Uprating 

On occasion, the opportunity arises to increase the rating of a turbo-generator unit. 
Normally, the mechanical components (boiler, reactor, turbines, etc.) are the main dri¬ 
vers for an uprate. If those are considered viable for an output increase, then the next 
layer of equipment to be investigated is the one comprising the main and auxiliary 
transformers and generator (see Section 12.8). 

Uprating a generator to any significant degree always requires performing calcula¬ 
tions to extrapolate operation out to the higher load, based on heat-run testing of the 
machine at its present maximum load. This basically consists of running the same 
computer program OEMs use for new machines with the existing and uprated data. 
Once the redesign is performed, the next decisions to be made are what components 
must be replaced, which ones must be modified, and what are the costs and time sched¬ 
ule. Given the scope of redesign, it is customary for the operator to go back to the orig¬ 
inal OEM for the redesign effort, or to the vendor that has inherited the original data 
following the many mergers and acquisitions that the industry undergone in recent 
years. The larger the unit, the more critical it is to make sure that the original design 
and construction data are in possession of those redesigning the generator. 

Uprating is not too common an occurrence for turbine-driven units. However, up¬ 
grading the generator is certainly a very common event. Upgrading is indicated by a 
need or desire to increase the availability or reliability of the unit by using components 
designed and manufactured to newer standards. 

Finally, rehabilitation is normally understood to be the refurbishment of the ma¬ 
chine, basically with components and techniques identical or similar to the originals, 
with the purpose of bringing the generator back to its previous condition. 

The following list summarizes the aforementioned. 

Rehabilitation or Refurbishment 

• Generally to the same design 

• Some component replacement and some component repair 

• Some new materials 

• To maintain existing design performance capability 

• To extend operating life 

• To improve reliability of poor components 

Plus Upgrading 

• For design improvements 

• To install improved materials of the same or new design 

• To increase reliability 

• To extend operating life 

Plus Uprating 

• To increase output capability 

• Possible if improvements in design changes or materials allow it 
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Generator Uprating Example Figure 12.4 shows the increased capability of a 
generator in the reactive-power region of its capability characteristic, after the original 
field with B-class insulation was replaced by one with F-class insulation. This change 
permits the unit to output more MVARs for a particular MW load. 

In Figure 12.5, the same machine has its capability increased in the MW region by 
installing a new stator winding with a higher-class insulation (for instance, moving 
from class B insulation to class F, or from F to IT). In this case, note that the rated pow¬ 
er factor line is less steep; namely, the point where the field and stator limiting curves 
meet results in a somewhat higher power factor. 

If both the stator and field windings are upgraded from, for example, class B insula¬ 
tion to class F, the result is a generator with a larger capability for delivering active and 
lagging reactive power (Fig. 12.6). Note that the leading region of the capability curve 
does not change by changing winding insulation. This region is basically limited by 
the end-core phenomenon, which does not directly depend on winding ratings. 

It is important to recognize, as stated earlier in this chapter, that increasing the rat¬ 
ing of a generator requires more design work than simply improving the insulation. 



Fig. 12.4 Uprating the capability of a generator in the reactive region by rewinding its 
field with a higher class insulation, in this case, from class B to class F. 
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Fig. 12.5 Uprating the capability of a generator in the active region by rewinding its 
stator with a higher class insulation, in this case, from class B to class F. The new rat¬ 
ed power factor is somewhat higher. 


One must ascertain that the extra power delivered to the shaft, frame, frame support, 
and other mechanical components are within the capability of these components. 
Therefore, it is always advisable to engage the OEM or other capable organization 
when attempting such an uprate. See Reference [7] for an elaborated treatment of the 
subject of uprates and other refurbishment options. 

12.4.4 Obsolescence 

Obsolescence is a major factor for consideration when preparing long-term life-cycle 
plans (see Section 12.10). 

Obsolescence affects every component of the generator and auxiliary systems. 
However, industry experience clearly shows that the areas more impacted are the exci¬ 
tations systems and protection devices. It is not uncommon for a generator to have part 
or all of its excitation systems replaced 15 to 20 years after commissioning of the unit. 
In particular, the automatic voltage regulator (AVR) is most impacted by obsolescence 
problems. The key reason is the speed in which electronic and power electronic tech¬ 
nology is changing, compared with the established and slow-moving art of designing 














790 


MAINTENANCE 



Fig. 12.6 Uprating the capability of a generator in both the reactive and active region 
by rewinding its field and stator with a higher class insulation, in this case, from class B 
to class F. 


and manufacturing generators and auxiliaries. It is not uncommon for an AVR to be¬ 
come impossible to maintain properly because components are not made anymore, or a 
laptop running on DOS with the AVR software is broken and no modem laptop will do 
the job without errors, or the OEM simply does not support this particular design any¬ 
more. In fact, otherwise very good AVR systems are often replaced because of lack of 
OEM support or a dearth of available spare parts. 

Obsolescence also affects large equipment of the excitation system, such as main 
exciters, permanent magnet generators (PMGs), or high-frequency generators (HFGs). 
Many a station has replaced old rotary exciters with static excitation systems. Many 
things must be considered before taking this route. 

Protection is also affected by obsolescence. Old discrete relays do not have ade¬ 
quate spare parts. The alternative is then changing for new, mostly solid-state instm- 
ments, or, as done quite often, changing the entire protection system made up from dis¬ 
crete relays with one or two multifunction relays (see Chapter 6 for examples of 
discrete and multifunction relays). There other many components and subcomponents 
that may be affected by obsolescence. Some may require major capital investments 
and will only be addressed if they fail or are about to fail, and better alternatives are 
available. For example, an old thermoplastic (asphaltic) stator winding will not be re¬ 
placed in-kind, because, if nothing else, that type of insulation is not supported by any 
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OEM or third-party vendor. The same would apply to 18-5 retaining rings. There is no 
logical reason for anybody to buy a new replacement made of 18-5 material, but even 
if one wanted to purchase such a ring, there is no reputable manufacturer to make one. 
Other components affected by obsolescence are generator condition (core) monitors 
(GCM), hydrogen dryers, stator cooling water systems, rectifying diodes, end-winding 
support systems, rotor winding insulation and blocking material, and so on and so 
forth. Obsolescence may also be driven by environmental issues. For instance, old in¬ 
sulation and blocking containing asbestos cannot be replaced by same material. 


12.5 WORK SITE LOCATION 

Where to perform certain repairs or refurbishments is always an issue for considera¬ 
tion. For example, consider a full rotor rewind. It can be performed at the site, if prop¬ 
er conditions and space are available, or in the vendor’s factory. If done at the site, the 
risk and cost of shipping the rotor can be avoided. This can be a substantial argument if 
the rotor must be shipped thousand of miles. However, an in-plant rewind will not be 
full-speed balanced. The result could be a rotor running at a somewhat higher level of 
vibration than it would if it were rewound at the shop, or having to use trim balancing 
to achieve acceptable operation. Trim balancing efforts can sometimes be time-con¬ 
suming and costly to the utility. Other topics to be taken into consideration are QA in 
situ versus at the shop, cost of labor in situ versus at the shop, expertise availability on 
a daily basis, and so on. To summarize: 

On Site 

• Minor and major outage work 

• Both generally done on site if possible 

Off Site 

• Transport equipment to external facility 

• Usually for major work such as rotor rewinds 

• Usually means the job cannot be done on site 

• Or is more cost effective to do off site 

12.5.1 Transportation 

Transportation is a ubiquitous activity in power plant experience, specifically during 
construction and outages. It should be something that is not difficult to do in an order¬ 
ly and safe manner. Nevertheless, it is amazing that so often we hear about a trans¬ 
former that hit a bridge, or a generator that was excessively bumped during transporta¬ 
tion by train or truck. In many cases, exhaustive care is taken by the generator and 
turbine personnel to minimize the risks during major work on major components, only 
to later see the equipment being damaged during a transportation incident. Figure 12.7 
shows such an unlucky occurrence. 



792 


MAINTENANCE 



Fig. 12.7 Large turbo-generator rotor that fell off a truck during transportation from a 
repair facility. 


The corollary is that management and technical personnel engaged in shipping 
large components such as winding bars, cores, and rotors should make sure that a lot of 
effort and money (and time!) will not go down the drain because of lack of oversight 
during the preparations for transportation and the moving itself 

G-recorders (or “bump” instruments) can be attached at one or more points of a 
load to be shipped by truck or train. Nowadays, such devices can have GPS and trans¬ 
mitting systems built-in, allowing oversight of location and transportation conditions, 
over the Internet, on a continuous basis (see Fig. 12.8). 


12.6 WORKFORCE 

The following list summarizes the various personnel that may be involved in mainte¬ 
nance activities and related issues. Note that consulting a third-party expert (if such ex¬ 
pertise is not available in-house) can result in big savings to the plant. OEMs are by 
nature of their business very conservative (there is little or nothing to gain for an OEM 
by “taking risks,” i.e., for proposing technical solutions other than the most reliable 
ones, which tend to be also the most expensive). A third-party expert can help to bal¬ 
ance the picture, so that the scope of repairs and/or refurbishment is the most econom- 



Points on map of a rotor being 
transported by rail, 
automatically generated by the 
bump instrument and 
dedicated software. Additional 
information received indicates 
if any event over the 
acceleration threshold occurs. 


Fig. 12.9 Complete generator loaded onto a Schnabel rail car and ready for transport. 
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Fig. 12.10 1,300 MVA, four-pole rotor transported by rail in cradle. 


ic to the station—one that balances reliability with cost. The goal is to keep costs down 
and maintain the station’s control of the work and outside workers. 

In-house 

• Station staff 

• Other internal resources (e.g., head of office engineering, NDE specialists, 
scheduler, and outage manager) 

OEM 

• Major manufacturer 

• Advantage of having specific knowledge about the equipment 

• Specialized people not available within the operator’s own organization 

• Specialized tools 

• Generally more expensive than in-house resources 

• Less risk than using internal and/or non-OEM personnel 

• Usually the highest work quality 

Specialist Contractors 

• Competitor (to OEM) repair facility 

• Function-specific contractor (e.g., one that specializes in retaining-ring removal) 
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• Usually have high-level knowledge about the equipment (oftentimes have previ¬ 
ously worked in OEM companies) 

• Specialized people (experts) 

• Specialized tools (if too expensive to keep at the station for odd jobs that happen 
once in the lifetime of the unit) 

• Generally a lower cost option 

• Generally more limited resources than the OEM 

• Cannot always cope with the unforeseen (this issue keeps coming back when the 
scope of work is relatively complex) 

• Station must be selective about what work is let out to third-party contractors 

• Based on past performance and knowledge of their capability 

• May be in conflict with OEM long-term warranties, if and when they still apply 


12.7 SPARE PARTS 

The list of spare parts a station carries (or should carry) for a particular generator de¬ 
pends on a number of things. For instance, type of unit, number of identical units at the 
plant, and number of identical units in other stations within the same utility. Other fac¬ 
tors may be the size of the unit, the criticality of the unit to the system or the owners, 
the distance from OEMs or distributor centers, and so forth. 

The OEM normally furnishes the basic spare-parts list with the unit. Over the life of 
the generator, and as the machine ages, the owner may elect to add additional parts to 
the spare-parts inventory. For instance, with a number of aging identical units, the 
owner/operator may choose to purchase a new rotor. This new rotor will be used to 
start a replacement/rewind round, which eventually will end with all rotors in opera¬ 
tion having new field windings, plus a spare (with or without a new field winding). 
Similar activities can be performed regarding hydrogen coolers, terminal bushings, 
standoff insulators, and so on. 

The following is only a summary of what may be included in a spare-parts list: 

Minor Spares 

• Parts that are needed for regular maintenance 

• General consumable materials (e.g., gaskets, 0-rings, bolts, and stator rewedge 
material) 

• Parts with high failure or wear rates (e.g., slip ring brushes, ground brushes, and 
brush holders) 

• Parts identified as having the potential to create outage extensions if not avail¬ 
able (e.g., insulation tapes, bell-shaped (spring) washers, and PTE hoses) 

• Surge capacitors (for those units where used) 

• Thermocouples and RTDs (resistance temperature detectors) 

• Usually these minor spares are of low cost 
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Major Spares 

• Spare rotor 

• Spare stator 

• Spare stator bars (including at least two bottom bars and a number equal to those 
required to lift in the event a bottom bar must be replaced) 

• Standoff insulators 

• Terminal bushings 

• Current transformers (CTs) 

• Bearings and/or major bearing components 

• Hydrogen seals and/or seal components 

• Collector rings and collector-ring sleeve insulation 

• Normally these will be of medium to high carrying cost 

Auxiliaries 

• Excitation components (diodes, rectifiers, etc.) 

• Enough spare parts for every single auxiliary. (It would be unfortunate if a sta¬ 
tion that maintains a long list of major generator spare parts was forced into a 
long outage, e.g., because a critical lube-oil pump became disabled and spare 
parts were not available; or a hydrogen dryer was forced out of operation for a 
long time because a small, inexpensive, but otherwise difficult-to-obtain part 
was not in stock. The list of these examples can be long.) 

12.8 UPRATING 

There is considerable interest in today’s power industry in trying to uprate existing 
generators to achieve higher outputs with minimal cost input. In doing so, there is al¬ 
ways some trade-off, whether it is in the cost needed to refurbish the existing equip¬ 
ment or suffering advanced aging and reduction in usable expected life and reliability. 
This section outlines the process involved and problems with carrying out uprating of 
large turbo-generators. 

12.8.1 Drivers for Uprating 

The motivation for uprating of any plant equipment is to achieve higher overall power 
output from the plant. With regard to the generator, this can mean up to as high as 15% 
additional MV A capability, depending on the existing margins of the generator and its 
auxiliaries, and the additional output that could be achieved with modifications or up¬ 
grading of individual components. In addition, the other consideration is usually to ex¬ 
tend the life of the plant and basically achieve a second life for the equipment. There¬ 
fore, uprating also includes upgrading of the components to achieve both the increased 
output and the second life of operation. 

Upgrading is a common activity in recent times because of improved technology 
that allows life extension of generators and other plant equipment by replacing compo- 
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nents that limit life, while taking advantage of the inherent ability of other components 
to operate indefinitely. For example, a rotor forging can often operate for a few life¬ 
times, but the copper winding and the insulation in the rotor wear out far quicker than 
the steel forging, which may be capable of operation for decades. Therefore, if one re¬ 
places the winding and insulation (a rotor rewind), a second life is easily possible. 

The question now arises as to whether there is the possibility of achieving higher 
output from the equipment, and in this case it is more than just the ability to replace 
components and keep running. It now means a careful investigation of boilers, reac¬ 
tors, turbines, and the generators and auxiliaries to determine if there is margin for a 
power increase. If there is, then it may mean significant upgrades to existing compo¬ 
nents to get a higher rating. For the generator, there are some basic design issues that 
cause immediate limitations and these need to be studied carefully to determine the ex¬ 
tent of uprating possible. The existing stator core and frame and the rotor forging may 
have specific geometries that cannot be altered unless they are replaced, so any uprat¬ 
ing without replacing these components limits what can be done. 

When the stator core is reused, it has to be fully tested to ensure that it can operate 
for another lifetime. Usually, this means another 25 to 30 years. If the stator core inter¬ 
laminar insulation is in good enough condition for a second lifetime, then a stator 
rewind is generally required since it is the winding that wears out and largely governs 
the stator life. The stator frame and casing are not usually a concern but these also need 
to be checked. Once it is decided to rewind the stator, then a design study must be car¬ 
ried out to determine what changes can be made to the winding design, within the ex¬ 
isting geometry, to determine how much additional power output is possible. Of 
course, there must be coordination with any turbine and boiler upgrading for determi¬ 
nation of overall output, but there will be some machines that have more capability 
than the turbine upgrades will provide, and cases in which the generator will be the 
limiting factor. Regardless of which component is the limiting factor in any uprating 
endeavor, it is the most common practice to carry out improvements and modifications 
to the generator to achieve as much output capability as possible. The premise being 
that, “you never know what will happened in future ... so be prepared.” Stator and ro¬ 
tor rewinds will generally will not add much incremental cost. 

Another factor in deciding to uprate is whether there are so many modifications and 
upgrades being done that it is simply more cost-effective to replace the generator or 
one of the major components, rather than reuse and improve the existing components. 
For instance, if the stator core or the rotor forging do have longevity or long-term reli¬ 
ability issues and have to be replaced in addition to new windings, the incremental cost 
for that work shown in a “cost/benefit” study may lead to the conclusion that replace¬ 
ment is the best solution for upgrading and uprating. 

As well as the above issue, it may be that the existing turbine, boiler, and other 
equipment can all be uprated, with some modifications and component replacements, 
but the generator cannot be uprated in its existing geometry to meet the uprating avail¬ 
able from the rest of the plant. In this case, the overall economics may dictate genera¬ 
tor replacement. 

Given that an uprating is possible, the extent of the uprating then depends on the in¬ 
dividual machine and what is possible to do to achieve a higher output. This requires a 
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design study to determine what needs to be done. The following sections provide some 
insight into how this process is carried out and all the considerations that are involved. 
As a general rule of thumb, the breakdown in Table 12.1 shows the normal range of 
modifications and technical issues that need to be dealt with for all the generator and 
auxiliary components in a machine with water-cooled stator windings, for upgrading 
to as much as 15%. 

12.8.2 Uprating Considerations 

There are three major concerns with regard to the generator for uprating and a number 
of additional concerns regarding the auxiliaries and operational parameters. The main 
concerns for the generator are: 

• Temperature increase in the various components 

• Increased mechanical stresses due to higher electromagnetic forces 

• Increased vibration at higher output 

Temperature Increase. The insulation systems are the most important items to 
be evaluated. Regardless of whether the temperatures exceed the design limits after 
uprating, higher temperatures will lead to decreased lifetime of the insulation due to 
heat deterioration. In the cases in which the machine has already operated for many 
years, it may even be necessary to consider stator and/or rotor rewinding, depending 
on the future operation that is under consideration. If the machine is near the end of its 
design life, the probability of this being required becomes higher. 

Both rotor current and stator current are increased in any machine uprating. There¬ 
fore, the rotor and stator windings generally become the critical components in the 


Table 12.1 Table of modifications and changes required for uprating the Individual major 
components a generator with direct water cooled stator windings 


Component/System 

5% 

10% 

15% 

Stator winding 

Existing component 
(some modifications) 

Stator rewind 
(new design winding) 

Rotor winding 

Existing component 
(some modifications) 

Rotor rewind 
(new design winding) 

H 2 Coolers 

Existing equipment 

Stator cooling water 
system 

Existing equipment 
(control changes) 

Higher capacity 
system 

H 2 cooling system 

Existing equipment 
(control changes) 

Higher capacity 
system 

Excitation system 

Existing equipment 

New and larger exciter 
(power system stabilizer required) 

Generator protection 

Recoordination of generator protection (new settings) 

System stability 

Generator and power system stability study required 




12.8 UPRATING 


799 


consideration of uprating. It then becomes necessary to evaluate the temperature rise 
of both the rotor and stator windings, respectively. Increased temperature rise in these 
components during operation will accelerate deterioration of the insulation systems 
and lead to shortened expected remaining life. 

Electromagnetic Forces. With regard to electromagnetic forces, generally 
there are two concerns and these are mainly for the stator winding. The first is in¬ 
creased radial bar bounce forces in the slot and the second is stress on the stator end 
winding. 

The stator bar bounce forces in the slot are a function of the stator current squared, 
and the main concern is the ability of the stator winding wedges in the slot to accom¬ 
modate the higher forces. 

With regard to the effect on the stator end winding, it must be considered whether 
the existing support structure of the stator end winding is strong enough to restrain the 
higher forces (also proportional to the stator current squared) and vibrations while al¬ 
lowing the winding to thermally expand. Strengthening of the support structure may 
have to be considered, depending on the degree of uprating. And in addition to 
strengthening the support structure, the natural frequencies of the end winding as a 
whole and the high voltage bushings must also be considered. Design changes in the 
stator winding and support systems may alter the natural frequencies and cause some 
of them to be too close to the once- and twice-per-revolution frequencies—50 and 100 
Hz for a 50 Hz system and 60 and 120 Hz for a 60 Hz system. 

Excessive Vibration. For increases in field current, it is necessary to consider 
the additional vibrations due to thermal elongation of the rotor winding. The increase 
in temperature in the rotor copper may cause excessive elongation to occur beyond the 
winding packing clearances; then deformation of the copper would be possible. The 
ability of the rotor winding to accommodate the additional elongation should be 
checked. 

Additional Concerns. Besides the above considerations about the generator it¬ 
self, there are auxiliary equipment issues (electrical and mechanical), protective relay¬ 
ing, and stability of the electrical system that have to be considered as follows. 

Excitation Capacity. For an increase in field current, it is necessary to ensure that 
the excitation system has the current capacity and ceiling voltage capability for the 
higher output and still remain within design temperature limits. 

Cooling Systems. To suppress the general temperature rise of the hydrogen 
cooled components, one of the effective methods is to increase the cooling water flow 
to the hydrogen coolers or increase the hydrogen gas pressure in the machine if allow¬ 
able. 

For the stator conductor bars, increasing stator cooling water flow is also an effec¬ 
tive measure to reduce or maintain the temperature rise in the stator bars to some de¬ 
gree. 
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In both these cases, it is necessary to consider the capacity of the coolers, water sup¬ 
ply, and pump. 

Protection Limits. For uprated operation, it is also necessary to review the protec¬ 
tion limits for the stator bar temperatures, overcurrent protection relay, field current, 
and so on. 

Stability of the Electrical System. In general, system stability is decreased by 
an uprating operation. It is necessary to consider the generator constants at the uprated 
condition. The short-circuit ratio may change with significant output increase and this 
will have an effect on how the generator responds during system events. System stud¬ 
ies are often necessary to evaluate any changes required to accommodate proper inter¬ 
action between the uprated generator and the system. 

12.8.3 Component Evaluations 

In the uprating process, the following components of the generator are required to be 
evaluated in detail, to determine the effect of an increase in power output of the ma¬ 
chine. 


• Temperature rise of the stator winding 

• Temperature rise of the field winding 

• Electromagnetic forces on the stator bars in the slot and the end winding 

• Stator terminal capability 

• Excitation capacity 

• Stator water cooler capacity 

• Stator water cooling pump capacity 

• Hydrogen cooler capacity 

• Short-circuit ratio and generator constants (for system stability evaluation) 

• Core-end cooling 

• Isolated phase bus capability 

• Main transformer rating 

• Main circuit breaker rating 


Temperature Rise of the Stator Winding. To evaluate the stator winding 
temperature rise, all temperature data should be converted to the rated load condition. 
Armature current (4) is evaluated from the actual data of MW, Mvars, and voltage: 


Stator current, 4 = 


MVA 

VSF,’ 


amperes 


Apparent power, MVA = V(MW^ + Mvar^) 
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where 

MV A = rated apparent power 
MW = real power output 
Mvar = reactive power output 
4 = stator current 
F, = terminal voltage 

Converting to the new uprated condition increases some parameters, but not others. 
Stator current and apparent power increase, but terminal voltage remains the same be¬ 
cause the winding configuration is not changed. To maintain the same temperature rise 
of the stator winding, the cooling water flow will need to be increased as shown in the 
table below. 


Parameter 

Original 

Uprated 

MVA 

A 

A + xVo 

Ft 

B 

B 

4 

C 

C + x% 

sew flow F (L/min) 

D 

D +yVo 

sew inlet temp (°C) 

E 

E 


To obtain an estimate of the increase in stator winding temperature (7) at the new 
output, use the following equation: 


sew 4 


out uprated 


(sew - sew 4„X / Airt y 

\ -*a rated / 

-p sew 4 „ 


Fl0W,,ted 

Fl0W^p,a,ed 


The results of the above require the following to be considered: 


• Reducing the stator cooling water inlet temperature 

• Increasing the stator cooling water flow 

• Checking the stator cooler capability 

• Improving the stator end-winding support 


Temperature Rise of the Rotor Winding. The original rated condition of 
the rotor winding is 

Original rotor winding temperature rise at rated output = X°C (at rated MV A) 


Evaluation for uprating provides the following: 


Temperature of uprated rotor winding 


rated temperature rise x 


4 uprated p 
4 rated / . 


+ cold H 2 gas temperature 
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The allowable temperature rise by IEEE C50.13 is 65°C for B class insulation. 

Uprating is generally allowable if the hot-spot temperature is below the 65 °C rise; 
however, the deterioration of rotor winding insulation will increase at higher operating 
temperatures. 

To reduce the effect, reduce the hydrogen cold gas temperature if possible. General¬ 
ly, it is usually possible to decrease it by about 5°C without significant detrimental ef¬ 
fects from the increased thermal differential between various components. 

The other possibility is to increase the hydrogen gas pressure. However, this will 
depend on the ability of the casing, end doors, fittings, flanges, and, most important¬ 
ly, the hydrogen seals to handle any increase. This is likely to be only a marginal al¬ 
lowance and would generally be considered along with the temperature as follows: 


Temperature of uprated rotor winding 


rated temperature rise x 


I uprated 
\ rated / 


X 


( ^2 pressure rated p' 
^2 pressure uprated / 


+ cold H 2 gas temperature 


Electromagnetic Forces on the Stator Endwinding. This is usually deter¬ 
mined by performing finite-element analysis. From this, the electromagnetic force on 
the stator bar ends is evaluated. 

For uprating from rated condition to an increase in stator current of 5%, the increas¬ 
ing rate of electromagnetic force is generally in proportion to the square of the stator 
current and would be in the range of about 10% in this case. 

Increasing the electromagnetic force affects the stress of the endwinding support 
structure of the stator end winding and increases it in the same proportion. 

It is also necessary to consider natural frequencies as well. Operation at or near res¬ 
onant frequencies will cause excessive vibration and advanced deterioration of the sta¬ 
tor winding insulation and/or the support structure. 


Stator Terminal Capability. This should be evaluated in the same manner as 
the stator winding above, to ensure that the temperature limits are not exceeded and 
that the terminals can withstand the additional forces during stress events. 


Excitation Capacity. The exciter capability must be checked to ensure that it 
can deliver the current required for and/% increase in output of the machine. It must be 
capable of doing this without compromising the temperature limits of the excitation 
equipment or the performance of the overall machine in terms of system response and 
stability. 


Stator Cooling Water Capacity. If the losses to the stator cooling water cooler 
are 100% at the original output, then the increase in losses due to uprated output is 
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Increase in losses from uprating 


/ 100% +^/o MVA Y 
[ 100% MVA ) 


For example, if the increase in rating is 5%, then the increase in losses to the stator 
cooling water coolers would be 


Increase in losses from 5% uprating 


105% 

100% 


100%= 10.25% 


Therefore, it is required to study the stator cooling water coolers to see if they can 
handle the increased losses within the existing stator cooling water flows. If not, then it 
is required to determine the amount of stator cooling water flow required to maintain 
design cooler limits. Next, determine whether the stator cooling water pumps can de¬ 
liver the increased flow. 


Stator Cooling Water Pumps. For an uprating, where the loss of stator coil 
increases 10%, for instance, the following must be considered. 

To keep the stator coil temperature the same as the original temperature, it is re¬ 
quired to increase the stator water flow to 110%. If the rated flow of the cooling water 
pump = X gallons/min, the necessary cooling water flow at the original generator out¬ 
put consists of 

Flow to stator coils -i- flow to deionizer = total flow = X gallons/min 

Then, in the case of uprating: 

Total flow X 1.10 % = new flow required 

The pump capacity for the existing SCW pump would have to be capable of han¬ 
dling this new flow. If it cannot handle the new output, it should be checked to see if 
the plant cooling water temperature for cooling stator water can be reduced to keep the 
original water outlet temperature the same. 

Hydrogen Coolers. If the loss to the hydrogen coolers is 100% at original out¬ 
put, then for uprating by XVo the new loss will be 100% plus an additional amount that 
includes the rotor copper losses, core losses, and stray losses. The increase in losses 
will not be directly proportional to the amount of uprating. 

The basic requirement is to determine if the coolers have any original margin that 
would accommodate an increase of X%. It may be that the hydrogen cooling gas tem¬ 
perature needs to be reduced by a certain amount to maintain the original rotor winding 
temperature rise if no margin exists. This may be accomplished if the plant cooling 
water temperature for the hydrogen coolers can be reduced by that amount. 

Generator Constants for System Stability Evaluation. Various generator 
constants at rated condition and uprated condition need to be evaluated by using values 
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measured in factory tests before construction. They generally react as follows (from an 
actual example): 


Parameter 

Rated 

Uprated 

% Change 

MVA 

448 

489 

-E9.15 

AFNL (no load) 

1225 

1225 

no change 

AFSI (SC) 

2375 

2592 

-E9.14 

SCR 

0.516 

0.473 

- 8.33 

Xd (sat) 

194% 

212% 

-E9.28 

Xd' (unsat) 

35.6% 

39% 

-E9.55 

Xd" (unsat) 

28.2% 

31% 

-E9.93 


Stability must be reevaluated because the characteristics change in the table above. 

Core-End Cooling. The core-end cooling must be checked to ensure that it can 
operate under the insulation class limits specified for the specific increase in output of 
the machine. The manufacturer will likely have to be consultated on this as it is a com¬ 
plicated issue to resolve and must be done as part of the overall core-end design. 

Isolated Phase Bus Capability, Main Transformer Rating/Main, and 
Circuit Breaker Rating. These are outside the realm of the generator calculations 
but need to be addressed in any uprating endeavor. 

12.8.4 Reliability and Effect of Uprating on Generator Life 

Stator Winding Insulation. The main deterioration factors affecting machines 
are absolute temperature and thermal cycling effects, electrical effects, mechanical ef¬ 
fects from vibration and high stresses, and environmental effects of the generator at¬ 
mosphere. 

The main deterioration factors that are further affected or accelerated by upgrading 
are the absolute thermal, thermal cycling, and mechanical effects. 

Thermal deterioration increases if the temperature of the stator bar increases. Re¬ 
garding thermal deterioration, it is said that the 10°C halving rule generally applies 
(the thermal life of the insulation is halved for every 10°C rise in constant operating 
temperature; see IEEE Standard 1). It is also known as the Arrhenius rule (Fig. 12.11). 

Thermal cycling occurs when the temperature of the stator bars rises and falls due 
to start/stop operation and load fluctuations. During temperature rise of the stator bars, 
thermal expansion of the bars occurs. This thermal expansion produces shearing 
stresses due to the difference in linear expansion coefficients of the conductor and in¬ 
sulation, bending stress at the bar ends, and so on, so upgrading becomes a life-short¬ 
ening factor. 

Electromagnetic forces cause mechanical deterioration due to induced bar vibra¬ 
tion. The stator bar ends outside of the core are fixed by supports and ties, and the 
straight portions of the bars in the core slots are restrained by wedges. By upgrading, 
the electromagnetic forces will be increased due to higher stator current. When the 
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Fig 12.11 The Arrhenius rule graph shows the increase in insulation life when the op¬ 
erating temperature is reduced, for various classes of insulation. 


bars restraints in the slot or end winding loosen, the vibration increases due to the elec¬ 
tromagnetic forces. Vibration can cause rapid abrasion of the insulation and a high 
possibility of failure. 

The electrical stress to the ground-wall insulating layer does not change after up¬ 
grading because the rated voltage does not change. 

Environmental deterioration does not become a problem because the stator bars are 
operated in hydrogen gas, and because moisture is not absorbed. 

Field Winding Insulation. The deterioration factors for the rotor insulation are 
basically the same as for the stator bar insulation. Electrical degradation and mechani¬ 
cal deterioration by electromagnetic force are, however, much less severe. Instead, me¬ 
chanical deterioration is caused by the centrifugal loading applied on the rotor winding 
insulation. 

The increase in excitation current makes the effects of thermal and heat cycle dete¬ 
rioration prevalent. It is generally seen that insulation life will be shortened more by 
thermal and heat cycle deterioration than by mechanical effects. 

Stator Core Insulation. The stator core is also affected by thermal and heat cy¬ 
cle deterioration and mechanical effects. It is considered that the life of the stator core 
will be shortened by uprating, but usually this is marginal. In addition, the life of the 
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Stator core is usually longer than the stator bars and this means that the life of the stator 
core does not generally influence the lifetime evaluation of the generator. 

12.8.5 Required Inspection and Tests Prior to Uprating 

The components most affected by uprating amd upgrading need to be inspected and 
tested. In addition, opportunity should also be taken to inspect, observe, and test (as 
necessary) all other machine components that may not be as much affected by any up¬ 
grading of the generator. The following are the basic items to consider. 

Stator 

1. Insulation diagnostic testing is required as follows: 

• Insulation resistance and polarization index 

• Per-phase capacitance 

• Dissipation factor and tan 8 tip-up 

• Dielectric absorption and dc ramp-up 

• Partial discharge 

• Corona probing 

The above range of testing comprises both ac and dc testing so that the dielectric 
(ac) as well as the resistive (dc) characteristics of the insulation are considered in 
the evaluation. Purely ac or purely dc testing is not sufficient for complete diag¬ 
nostics. 

2. Visual inspection of the stator bars and tapping test of the stator wedges will re¬ 
veal how tight the stator bars have been held in the slots and if there may have 
been damaging relative movement. Signs of fretting debris and greasing are im¬ 
portant clues. With regard to wedge tightness, specific criteria are applied as fol¬ 
lows to determine if stator wedge retightening is required. Rewedging in a par¬ 
ticular slot is required if: 

• Less than 75% of the wedges are tight in the slot 

• Three or more adjacent wedges are fully loose 

Retighten any frilly loose end wedge. Rigidity evaluation of the stator end wind¬ 
ing and support structure are required. This is accomplished by natural frequen¬ 
cy measurements for the end winding and support structure. 

3. El CID testing of the stator core interlaminar insulation 

4. Leakage testing of the stator winding and cooling water system should be done 
by the following: 

• Air pressure decay test with Helium leak detection 

• Vacuum decay test 
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Rotor 

1. On-line shorted turns detector test prior to shutdown (flux probe), (if installed) 

2. Field winding dc resistance 

3. Insulation resistance and polarization index of the field winding insulation 

4. RSO (recurrent surge oscillation) test for shorted turns (offline, rings on, and can 
be done with the rotor rolling as well) 

5. Visual inspection with retaining ring removed 

6. Nondestructive inspection of the retaining rings by flourescent dye penetrant 

7. Nondestructive inspection of the rotor wedges 

8. Nondestructive inspection of the rotor shaft 

12.8.6 Required Maintenance Prior to Uprating 

Due to the fact that most machines being considered for uprating have been operated 
for many years, it is prudent to ensure that all existing components are in sufficiently 
good condition for a significant extended life. Therefore, it should be ensured that all 
the required maintenance and repairs are carried out on the affected components prior 
to any uprating. 

In addition, any new technologies made available by the OEM should also be con¬ 
sidered for application at the time of uprating. These may not be required for the uprat¬ 
ing but may enhance generator performance and lead to extended life and reliability. 
The following inspection and repair items may be included: 

1. Damaged and aged parts discovered in these inspections should be repaired, in¬ 
cluding but not limited to the following: 

• Loose stator wedges 

• Loose stator end windings and supports 

• Copper dusting in rotors 

• Shorted turns in rotors 

• Worn collector rings 

2. Improvement of reliability by the adoption of new technology (where applica¬ 
ble) should be recommended: 

• Stator wedge system improvements 

• 18 Mn-18 Cr retaining rings 

3. Improved generator component monitoring by new technologies available: 

• Installation of partial discharge monitoring 

• Installation of vibration-monitoring probes for the stators 
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12.8.7 Heat-Run Testing After Uprating 

Heat run tests should be made to determine the temperature rise of the various compo¬ 
nents of the generator, to ensure that the uprated equipment meets the temperature 
specifications. 

Full-load heat-run tests should be performed with the generator synchronized to the 
system and operating normally at maximum rated MW load and rated hydrogen gas pres¬ 
sure. At each test load, generator operation should be held constant for at least 30 min¬ 
utes to allow all generator internal temperatures of the machine to stabilize. Readings 
should be taken of all generator and auxiliary parameters monitored (as listed below). 

Three different load points are generally required as a minimum, to obtain informa¬ 
tion about the generator performance at full load and to determine that the upgrading 
has been done successfully, without exceeding the specified temperature rises. These 
should be the minimum leading power factor load point, the unity power factor load 
point, and the maximum lagging power-factor (rated) load point. 

During all tests conducted, the following parameters should be recorded after 30 
minutes stabilization, for each load point. 

Electrical Parameters: 

• Power, MW 

• Reactive power, MX 

• Terminal voltage 

• Three-phase currents 

• Field voltage 

• Field current 

• Rotor winding temperature 

• Shaft voltage 

• Exciter power 

Hydrogen System: 

• H 2 pressure 

• H 2 purity 

• H 2 dewpoint 

• Fan H 2 differential pressure 

• All cold H 2 gas temperatures 

• All hot H 2 gas temperatures 

Hydrogen Coolers: 

• Service water inlet temperature to coolers 

• Service water outlet temperature from all coolers 
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Collector Rings and Brush Gear: 

• Cooling air inlet temperature 

• Cooling air out temperature 

Bearings: 

• Lube-oil inlet temperature 

• Lube-oil outlet temperature 

• Bearing-metal temperature 

• Bearing vibration 

Hydrogen Seals: 

• Metal and oil temperatures 
Seal-Oil System: 

• Seal-oil supply pressure 

• Seal-oil inlet pressures 

• Seal oil/H 2 differential pressure 

• Generator seal-oil inlet and outlet temperatures 

Stator Cooling Water System: 

• Generator bulk SCW inlet temperature 

• Generator SCW outlet temperatures 

• SCW conductivity 

• Generator SCW inlet and outlet pressures 

• SCW coolers, inlet, and outlet temperatures 

• Service water to SCW coolers, inlet and outlet temperatures 

Stator Winding Temperatures: 

• All hose outlet thermocouples or RTDs 

• All stator slot thermocouples or RTDs 

Stator Core Temperatures: 

• All stator core thermocouples or RTDs 

• All core-end clamping-plate thermocouples 

• All core-end clamping-plate flux screen thermocouples 
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12.8.8 Maintenance Schedule After Uprating 

For reliable operation after uprating and upgrading of the equipment, it is important to 
inspect for the effect after all the modifications and work are complete. This should be 
done fairly soon afterward and are somewhat like of warranty-type inspections to de¬ 
termine that all components are working properly. If some problems are found in this 
inspection, it is necessary to implement corrective action early. This is to reduce the 
possibility of shortening the life if problem issues remain unattended. 

It is generally recommended to carry out an overhaul one year after upgrading and 
to carry out a major overhaul between 5 (30,000 operating hours) to 8 (50,000 operat¬ 
ing hours) years thereafter. For machines with extensive two-shifting, it is recom¬ 
mended to make the inspection closer to the 5 year mark. 

For all these inspections, the following is prudent: 

• Remove the rotor 

• Inspect the inside of the generator visually 

• Detailed inspection of the stator and wedge tapping test 

• El CID test for the stator core 

• Insulation diagnosis test for stator coil 

• Nondestructive test for the rotor 

• Detailed inspection of the rotor without pulling out the retaining ring 

12.9 LONG-TERM STORAGE AND MOTHBALLING 

This section discusses the protection of large steam turbo-generators and their auxil¬ 
iaries when not in use and during storage. It is intended to provide guidelines to ade¬ 
quately protect the generator equipment when mothballed for long periods of time in 
the unit position or during storage as major spares. Details regarding the requirements 
for preparation of the equipment for storage, monitoring during storage, and returning 
the equipment to service are provided. 

12.9.1 Reasons for Storage of Generator Equipment 

There are two general conditions that may require the storage of large steam turbo¬ 
generators and auxiliaries. These are (a) installed in the unit position but incurring de¬ 
lays during construction, or for long-term mothballing, and (b) for storage as major 
spare components. 

Construction Delays and Mothballing. This type of storage involves a gener¬ 
ator installed but not put into service due to incompleteness of other essential systems 
in the station, or when a station is mothballed, requiring long-term storage of the whole 
machine. Such cases involve storing the machine and auxiliaries in their operational 
position. The following sections provide the requirements for putting the equipment 
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into storage, monitoring its condition during storage, and for returning the equipment 
to service. The instructions also deal with the various time spans over which storage 
will take place. 

Major Spare Components. Major spare components that may be stored for an 
extended and indefinite period of time include stators, rotors, and spare stator windings. 
These are stored under warehouse-like conditions. A different set of precautions and 
procedures are required for putting the equipment into storage, monitoring its condition, 
and removal from storage in preparation for installation. The following sections de¬ 
scribe the various methods for both caged and integral machines under these conditions. 

12.9.2 General Requirements 

General Instructions for Equipment Arriving on Site. The generator com¬ 
ponents and auxiliaries should all arrive at site with the manufacturer’s packing intact. 
All parts should have been maintained completely dry and clean from the time of dis¬ 
patch to the point of arrival. A detailed record of the condition of all parts at the time of 
dispatch and a detailed log of transportation, including incidents that might disturb 
components or packing, should be available for inspection upon arrival at the site. 

Once at the site, a thorough inspection of shipping packings and protective coatings 
should be made to determine the condition of the equipment. All packings should be 



Fig. 12.12 Cradle of a large four-pole rotor being opened for inspection after arrival at 
shop, to be stored for a year. 












812 


MAINTENANCE 


opened, inspected, and tested where required, and resealed. This should be done in the 
presence of the manufacturer’s representative for the purposes of the warranty. Any 
damage should be catalogued and repaired or replaced. 

If possible, it is preferable to install and operate all components to ensure that they 
are in working condition and guarantee commencement of warranty. When this is not 
possible, as in the case of spares, preparations will be required for storage, and special 
precautions and procedures will be required. When equipment is installed, it may also 
have to be stored or mothballed to lie in wait until required for service. This will re¬ 
quire different storage methods. 

General Storage Environments. For any storage of electrical equipment, there 
are basic environmental requirements. Electrical equipment in general should be stored 
indoors. Temperature and humidity should be controlled at typical room temperatures of 
about 22 ± 5°C. Dust and dirt should be excluded by some method of covering. 

All components must be well supported to keep them above ground or floor. It is 
desirable to use timbers for main support on unmachined or other noncritical surfaces 
where possible. Where equipment is supported on timbers, waterproof waxed paper 
should be used to isolate the support surfaces. 

Whatever the packing or covering method, provision should be made for access for 
inspection and testing while ensuring the exclusion of rodents and reptiles. 

Components stored as spares should be located in areas with the least amount of 
traffic as possible and fenced off to keep out unauthorized personnel. 

Particular precautions and environments will be dealt with in the text, along with 
the methods of establishing them. 

Protection of Generator Components During Installation. During prepa¬ 
ration for installation, the protective coatings on the generator components are re¬ 
moved, leaving them vulnerable to damage. For this reason, the scheduling should be 
arranged to minimize the time between unpacking the equipment and installation. 

Particular attention must be paid to caged cores and generator rotors. 

Caged cores should be kept covered by a lightweight tarp up to the point of sliding 
them into the stator casing, and great care should be taken in protecting the phase con¬ 
nections from contamination or damage. Generator instrumentation should be protect¬ 
ed from damage during stator core installation. The casing should be thoroughly 
cleaned and inspected prior to the stator core installation and the ends covered at all 
times before the core is inserted, and after that, until time for rotor installation. 

Rotors should also be covered with a lightweight tarp after unpacking, until they are 
slung for insertion. The collector rings and coupling faces should be covered at all 
times during installation until their involvement in the assembly. 

12.9.3 Storage Requirements 

Storage of Assembled Generators. The generator, exciter, and auxiliaries 
will be fully erected on their foundations and electrically and mechanically intercon¬ 
nected with other systems. Storage under this condition may be for short periods, typi- 
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cally up to two years, during construction phases or for long or indefinite time periods 
during mothballing when not required by the power system. 

Stator. The assembled stator will be a sealed unit ready for operation. For the ma¬ 
chine that is newly installed and lying in storage prior to service, this period is usually 
no more than up to twelve months during normal construction or up to three years due 
to in-service delays for various reasons. Regardless of the storage period, the machine 
needs to be protected from the environment. 

One method is to place the stator under nitrogen blanketing to provide an inert, 
nonoxidizing atmosphere for best preservation. A quantity of silica gel should also be 
placed inside the casing of the machine to continually improve the relative humidity of 
the atmosphere within. The correct amount of silica gel will depend on the volume of 
the machine atmosphere and the specifications of the particular brand of silica gel to be 
used (Section 12.9.6). The nitrogen should be introduced once the silica gel is in place 
and the machine resealed. It should be kept at a few psi above the atmospheric pressure 
to ensure that there is no leakage into the machine. The seal-oil system must be kept 
fully operational to achieve this. The stator windings should be drained and vacuum 
dried to remove all moisture, as per Section 12.9.6. The stator winding insulation resis¬ 
tance should be measured and a polarization index set up, as per Section 12.9.6. 

If the machine is provided with external heaters, they should be used to keep the 
stator about 5°C higher than the turbine-hall temperature. 

For machines that are to be shut down and mothballed for an indefinite time period, 
the same procedure should be followed. 

Stator Casing. Integral machines are stators whose core frames and outer casings 
are one welded unit. Caged machines are stators whose core frames are removable 
from the outer casing. When storing either type as assembled units, no special precau¬ 
tions are required. It is recommended, however, to keep all terminal enclosures sealed, 
make a visual check of the condition of the instrumentation connected to the casing, 
and maintain the entire structure as clean as possible. 

Core End-Plate Flux-Screen Cooling System. On machines with core end- 
plate flux-screen cooling systems, the system should be disconnected for draining and 
vacuum drying as per Section 12.9.6. This should be done for any length of storage. 

The flux screen insulation resistance should be measured and recorded for electri¬ 
cally floating screens. 

Stator Water Cooling System. The stator water cooling system external to the 
generator, consisting of all pumps, coolers, filters, and pipework, should be discon¬ 
nected from the generator under any storage condition and completely drained of wa¬ 
ter. This is in an effort to avoid deterioration of the copper and stainless steel internals 
of the system components. 

All system valves should then be closed and the system reconnected to the genera¬ 
tor. All organic-type filters should be removed prior to draining and drying and put 
away in storage. 
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Isolate all instruments’ air lines. 

Check the IR and PI and the pump motors initially, as per Section 12.9.6. 

The station service cooling water side of the stator water coolers should be isolated, 
drained, and dried by blowing dry instrument air through it for at least two hours. 

Seal-Oil System. The seal-oil system must be kept operational if a nitrogen blan¬ 
ket is to be used for storage. Oil to the seals is required continually to maintain a nitro¬ 
gen blanket, and periodically when rolling the generator rotor. The quality of the nitro¬ 
gen will have to be maintained, as the seal-oil system itself can be a source of moisture 
if the seal-oil quality is not maintained as well. 

The seal-oil temperature is not critical and, therefore, the low-pressure service wa¬ 
ter side of the seal-oil coolers should be isolated, drained, and dried by blowing dry in¬ 
strument air through them for at least two hours. 

Rotor. The portion of the rotor inside the generator will be protected from atmos¬ 
phere by the nitrogen blanket to prevent corrosion of critical components such as re¬ 
taining rings. 

Generator heaters and silica gel are used to prevent moisture buildup and condensa¬ 
tion on rotor surfaces, and to avoid stress-corrosion attack on sensitive steel compo¬ 
nents. 

The external portion of the rotor is, however, exposed to the turbine hall atmos¬ 
phere. The slip rings in particular should be covered with a self-amalgamating wrap or 
tape to completely exclude air and moisture. 

An initial IR and PI should be performed, as per Section 12.9.6. 

The bearings and hydrogen seals should be fully installed and the oil supply should 
be operational for periodic rotation of the turbo-generator shaft. 

Brush Gear. The brush gear should be removed and stored in a dry, clean area un¬ 
til return to service. 

Rotating Exciters. Rotating exciters must be kept warm and dry in a humidity 
controlled environment. The air supply and discharge system for the exciter should be 
isolated. A quantity of silica gel (Section 12.9.6.) should be placed in the environment 
along with thermostatically controlled heaters to maintain the environment at about 
5°C above turbine hall ambient temperature. 

Initial IR and PI readings should be taken on the stator and rotor windings. 

Static Exciters. Excitation cubicles should be kept closed and locked if possi¬ 
ble. The internal atmosphere of the cubicles should be maintained warm and dry. 
This should be done with a thermostatically controlled heater of appropriate size and 
a quantity of silica gel (Section 12.9.6), consistent with the manufacturer’s specifica¬ 
tion. The main power supply to the exciter should be isolated, as well as the air sup¬ 
ply and discharge. The internal atmosphere should be kept at 5°C above ambient 
temperature. 
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Generator Pedestal. The generator pedestal should be IR tested initially to en¬ 
sure that the insulation level is high enough and to establish a benchmark for later 
checks prior to entering service. The pedestal should be clean and clear of any type of 
storage material. The insulation levels should be as per the manufacturer’s equipment 
manual. 

Generator Current Transformers and Terminals. The CT enclosures should 
be maintained warm and dry using thermostatically controlled heaters and silica gel. 
The internal atmosphere should be kept at 5°C above ambient temperature. 

An insulation resistance check on the CTs should be done at 500 V dc using a meg¬ 
ger; see Section 12.9.6. 

Generator Instrument Panels. The generator instrument panels (hydrogen, seal 
oil, lube oil, and stator water) should be kept closed to exclude contaminants, rodents, 
and reptiles. Internal atmospheric control is not required. 

Storage of Generator Components as Major Spares. Storage of major 
generator components implies indefinite time periods and will require methods of stor¬ 
age that will ensure that the machine or components will be adequate for service when 
needed. 

This section describes the storage of the stator, rotor, and stator windings as major 
spares. 

Stators. For storage of a complete stator as a spare, it is required that it be kept in¬ 
doors in a protected and dry area. The powerhouse is the recommended area for this as 
it will allow good control over the storage environment and easy access by crane when 
the machine is required for installation. 

1. Integral Stators. When storing integral stators, a covering over the entire stator 
is unnecessary. Due to the nature of its design, only steel end covers are re¬ 
quired to be bolted on where the end-door halves would normally be installed. 
A main access plate should be provided at each end of the machine on each 
steel plate for easy access for inspection. A fitting should also be provided to 
allow removal of air and admission of nitrogen. Since the vessel should now be 
sealed, a slightly positive nitrogen pressure of 2 to 3 psi will better preserve the 
machine insulations and core. A quantity of silica gel should be maintained in¬ 
side the vessel to absorb any moisture as per Section 12.9.6. Prior to nitrogen 
blanketing, the stator windings should be drained and vacuum dried as per 
Section 12.9.6. 

2. Caged Cores. When storing caged cores, nitrogen blanketing of the machine 
is not possible. Once the stator is set down and supported, it is best to build 
a metal frame house over the entire machine, with polyethylene for walls. A 
fan and air heater should be installed in one wall to circulate warm, dry air 
around the stator. This will slightly pressurize the house to exclude dust and 
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other contaminants. A filter system must be used to prevent debris from out¬ 
side from entering the enclosure. The air should be kept at about 5°C above 
outside air temperature to avoid condensation forming. The stator windings 
should also be drained and vacuum dried as per Section 12.9.6. An initial IR 
and PI check on the stator windings of all stored stators should be performed 
and recorded. 

Rotors. A spare rotor should also be stored indoors (e.g., in the powerhouse) to 
maintain good control over the storage environment. A heavy vinyl bag is an accept¬ 
able method for atmospheric control, rather than simply covering the rotor with no en¬ 
vironmental control, when being stored indoors (Fig. 12.13). However, the shipping 
container, if airtight, is also acceptable, especially metal containers. 

The utmost care should be taken for any duration of rotor storage since it involves a 
number of critical components and surfaces. The rotor itself should be prepared as fol¬ 
lows before being entirely contained: 

• The slip rings must be covered, preferably with some type of self-amalgamating 
wrap or tape, to totally exclude air and moisture. 

• The journals and hydrogen seal collars should be appropriately greased or waxed 
to inhibit rust and deterioration. 

• Most rotor retaining rings are painted to prevent aqueous stress corrosion and 
rusting. It should be ensured that painted end rings are completely covered. Re- 



Fig. 12.13 The rotor shown is stored in a sealed vinyl bag with silica gel placed in¬ 
side and electrical test leads attached for periodic meggering. This arrangement is 
suitable only for indoor storage of rotors as it is not well temperature controlled. The 
rotor behind the bagged rotor is simply covered and being readied for installation in 
a unit. 









taining rings that are not painted should be given a protective coating for storage 
and it should be ensured that this is in place. 

• Cooling vents should be covered to exclude dust and contamination. 

• Coupling faces should be greased or waxed to inhibit rust and deterioration. 


The rotor should then be maintained in the container for long-term storage. The ro¬ 
tor should always be supported on the noncritical surfaces, specifically the rotor body 
on rubber-cushioned, formed wooden trestles. Rotors must not be supported at any 
time on their retaining rings. Silica gel should be used inside the container for humidi¬ 
ty control, with humidity indication provided, as rotors are extremely sensitive to rust 
and stress corrosion. It would be most desirable to keep the rotor temperature at least 
5°C above ambient by using a thermostatically controlled heater. 

Leads should be brought outside the storage container to IR and PI test the rotor 
windings so that the container seal need not be disturbed. 


Stator Windings. Spare stator windings will normally be shipped in a robust hard¬ 
wood container with each stator bar well protected and supported on trestles within. 

Each conductor should be individually checked for IR and PI, consistent with Sec¬ 
tion 12.9.6, prior to storage, for confirmation of insulation condition and future bench¬ 
marks. The container should be resealed with silica gel placed inside, as per Section 
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12.9.6, for humidity control. Temperature control of the environment is not essential if 
the container is stored inside a temperature-controlled building. 

12.9.4 Monitoring and Maintenance During Storage 

During the storage period, the equipment must be monitored periodically to ensure that 
it is maintained in good condition and will be ready for in service when required with 
minimal remedial effort. 

The following section describes the practice to be used for assembled machines and 
major spares storage to maintain them in good condition. Check sheets are provided in 
Section 12.9.6. 

Monitoring and Maintenance Requirements of Assembled Generators 

Stators. The nitrogen pressure should be checked and recorded on a daily basis 
until the system can confidently maintain a positive nitrogen pressure of 2 or 3 psi 
above the seal-oil pressure. After this initial period, the checks can be made and 
recorded weekly. 

To ensure that the heaters are performing, the stator winding temperatures should 
be sampled and recorded weekly to ensure that the stator atmosphere is maintained at 
5°C above turbine hall ambient temperature. 

The silica gel should be checked at predetermined intervals according to expected 
working life, as per product specifications. At these checks, the machine will be 
opened. The silica gel condition should be recorded and then reactivated for further 
storage. The IR and PI on the stator windings should be measured and recorded at this 
time. This will indicate if the present storage conditions are maintaining the equipment 
warm and dry. If a satisfactory PI is obtained, the machine can be resealed for storage. 
If not, drying out of the stator windings will be required, by circulating 60°C stator wa¬ 
ter through the windings for approximately 24 hours. Alternatively, if hot water circu¬ 
lation is not possible, then dc current application through the winding and monitoring 
the winding temperature is another method to dry the windings. 

Stator Casing. The dew point and internal atmospheric temperature of the casing 
should be checked weekly and recorded for signs of high humidity or lower temperature. 

Core-End Plate Flux-Screen Cooling System. No special requirements for 
monitoring are needed. 

Stator Water Cooling System. The rotors of the pumps and motors should be 
manually rotated each month and an IR and PI check done on the rotor windings and 
recorded. 

Seal-Oil System. The seal-oil system will be in operation if the nitrogen blanket 
method is being used on the machine internals. The pump supply should be changed 
each month to allow all sources of supply to be used periodically. 
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The seal-oil supply should be maintained at the minimum level for nitrogen blan¬ 
keting and periodic rotor turning. 

Rotor. An IR should be performed on the rotor windings monthly and recorded. 
The rotor should be barred one-half turn each month to avoid bending distortion of the 
shaft, unless it is supported (cribbed) under its body. 

Brush Gear. Not applicable. 

Rotating Exciters. The stator and rotor windings IR and PI should be checked 
monthly as per Section 12.9.6 and recorded. Monthly temperature and humidity 
checks should be made and recorded to ensure that the heaters and silica gel are work¬ 
ing. The silica gel should be checked at regular predetermined intervals and reactivat¬ 
ed as per product specifications. 

Static Exciters. Monthly temperature and humidity checks should be made and 
recorded to ensure that the heaters and silica gel are working. The silica gel should be 
checked at regular predetermined intervals as per product specifications and reactivated. 

Generator Pedestal. All pedestal insulation should be checked every six months 
by insulation resistance measurement. The area should be maintained clean and free of 
storage materials or oil spills. 

Generator Current Transformers and Terminals. An insulation resistance 
check should be performed monthly and recorded on the CT windings as per Section 
12.9.6, using a 500 V megger. 

The temperature and humidity of the terminal enclosure should be checked monthly 
to ensure the space is being maintained warm and dry. 

The silica gel should be checked at regular predetermined intervals as per product 
specifications and reactivated. 

Generator Instrument Panel. The instrument panel should be opened and visu¬ 
ally inspected monthly to ensure the exclusion of rodents, reptiles, and debris. 

Monitoring and Maintenance Requirements of Generator Components 
Stored as Major Spares 

Stators. Machines that are stored as a sealed unit under a nitrogen blanket should 
be checked and recorded daily for nitrogen pressure until the vessel can confidently 
maintain a positive 2 or 3 psi pressure. After this initial period, these checks can be 
made weekly. This type of storage also employs silica gel, which should be checked at 
regular intervals as per product specifications and reactivated. 

For this type of storage and for caged cores, the stator windings IR and PI should be 
checked monthly as per Section 12.9.6. This will be the best indicator that the storage 
conditions are adequate to maintain the machine insulations in good condition. 
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The atmosphere of the storage area or container should be checked monthly to en¬ 
sure that it is maintained at 5°C above ambient temperature. 

Rotors. The rotor windings should be checked for IR and PI, as per Section 
12.9.6, monthly and recorded. 

Where applicable, the silica gel should be monitored and reactivated when required. 

The atmosphere of the storage container should be checked monthly to ensure that 
it is maintained at 5°C above ambient temperature. 

Stator Windings. The spare stator windings should be checked for IR and PI dur¬ 
ing silica gel inspections and reactivation periods. These times will depend on the 
product specifications for the silica gel. It is unnecessary to disturb the container seal 
at any other time. 

12.9.5 Restoration from Storage 

After the mothballing or storage period, when the equipment is required for service, 
the storage conditions must be reversed. 

This section will describe the requirements for demothballing and returning the 
equipment back to operating condition. 

Requirements for Restoration from Storage of Assembied Generators 

Stator. The nitrogen blanket should be removed from the stator by simply leaking 
it out and purging the machine with air. The silica gel should be removed and kept for 
future use. 

A final IR and PI should be done on the stator winding, as per Section 12.9.6, to en¬ 
sure good insulation condition. A low PI on the stator winding may require drying out 
but this should be unnecessary if the machine internals have been kept warm and dry. 
Drying out of the stator winding can be done by circulating 60°C stator water through 
the winding for approximately 24 hours. Alternatively, if hot water circulation is not 
possible, then dc current application through the winding and monitoring the winding 
temperature is another method to dry the windings. 

Stator Casing. A visual inspection of the casing internals and externals should be 
made to ensure that everything is in order. All instrumentation should be tested to en¬ 
sure that it is functioning correctly and repaired if not. 

Core-End Plate Flux-Screen Cooling System. The core-end plate flux-screen 
cooling system should be reconnected and flushed when the entire stator water system 
is flushed. 

Electrically floating flux screens require a final IR check to ensure that they remain 
properly insulated. 

Stator Water Cooling System. The stator water system should be reconnected and 
the filters replaced. The pump motors should be checked for IR and PI before running. 
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A backward and forward stator water flush should be performed according to the 
manufacturer’s equipment manual prior to placing the machine in service. 

The system should actually be recommissioned. 

Seal-Oil System. The seal-oil system will be operational and requires no recom¬ 
missioning since it was in service during the entire storage period. 

The seal-oil coolers should be valved back into service on the low-pressure service 
water side. 

Rotor. The collector ring surfaces should be uncovered and prepared for service. 
An inspection of all visible external rotor parts should be made to ensure that they are 
in good condition. 

A final IR and PI on the rotor windings should be done prior to application of the 
field as per Section 12.9.6. 

Brush Gear. The brush gear should be inspected and reinstalled. 

Rotating Exciters. The silica gel and heaters should be removed and the air cool¬ 
ing system returned to operating condition. 

A final IR and PI on the rotor and stator windings, as per Section 12.9.6, should be 
performed to ensure that drying out is not required and the insulation is in good condi¬ 
tion. 

Static Exciters. The silica gel and heaters should be removed and the ventilation 
system returned to service. The main power supply should be deisolated. 

Generator Pedestal. A final IR check should be performed on all pedestal insu¬ 
lations to ensure that they have been maintained at the working level. 

Generator Current Transformers and Terminals. The silica gel and heaters 
should be removed from the terminal enclosures. A final IR check on the CT windings 
should be performed at 500 V dc using a megger. See Section 12.9.6. 

Generator Instrument Panels. All instrument panels should be visually inspect¬ 
ed. Any cleaning or repairs should be done. All instrumentation should be checked for 
operation and recalibrated if required. 

Requirements for Restoration from Storage of Generator Components 
Stored as Major Spares 

Stators. Integral stators that are stored with end-sealing plates for nitrogen blan¬ 
keting should maintain the end plates in place until the stator is installed. Once in¬ 
stalled and ready for connections and rotor insertion, the nitrogen blanket may be re¬ 
moved by simply leaking it off and then removing the end plates. The silica gel should 
be removed and kept for future use. An IR and PI check on the stator windings should 
be done to ensure that the winding insulation is in operating condition. 
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Caged cores will have to have all protective housings and atmospheric control sys¬ 
tems removed prior to installation. An IR and PI check should also be done prior to in¬ 
stallation. 

Regardless of the type of stator, it is required to perform a capacity ac hi-potential 
test on the stator windings in air at 75% of twice the line-to-line rate plus 1000 volts 
for one minute. Refer to IEEE Standard 4, “Techniques for Dielectric Tests,” and 
IEEE Standard 433, “Recommended Practice for Insulation Testing of Large ac Rotat¬ 
ing Machinery with High Voltage at Very Low Frequency.” 

Rotors. In preparation for service, the rotor should be removed from its storage 
container and all protective coatings removed. A complete inspection of all rotor sur¬ 
faces should be made for any signs of deterioration, rust, or accumulation of dirt. 

An IR and PI check on the rotor should also be performed, as per Section 12.9.6, 
prior to insertion. 

It is also required to perform a one-minute dc hi-potential test on the rotor windings 
at 2000 volts. Refer to IEEE Standard 95, “Recommended Practice for Insulation Test¬ 
ing of Large ac Rotating Machinery with High Direct Voltage.” 

The rotor should then be prepared for insertion and the slip rings recovered until 
ready for brush gear installation. 

Stator Windings. The stator windings should be unpacked and the required bars 
removed to external trestles for inspection and testing. 

Each stator conductor should be vacuum/pressure, IR, and PI tested and the slot-ar¬ 
mor surface resistance verified. Any visible flaws should be repaired using compatible 
materials and the bar retested again. The bars should be kept covered to exclude conta¬ 
mination until installation. 


12.9.6 Long-Term Storage Maintenance Procedures 
and Testing 

The following sections provide some guidelines for various procedures and tests that 
have been used in some utilities over the years. They are by no means the only way to 
carry out these procedures, but they are tried and true methods that have been used 
successfully. 

Draining and Vacuum Drying Procedure. Draining and vacuum drying is a 
procedure used on water cooled stator windings. Along with environmental tempera¬ 
ture and humidity control, it will be sufficient protection for the winding under any 
storage conditions. 

Experience shows that regardless of the precautions taken, the bare copper surface 
of the copper winding will always maintain an oxidized surface. This surface does not 
deteriorate further to any degree over the time periods of storage considered for stator 
windings. 
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Draining 

1. Isolate the entire stator winding, including phase leads and/or flux-screen cool¬ 
ing circuit (if water cooled flux screens are used) with blanks. A valve should be 
provided at each end of the circuit to be drained. 

2. Pressurize the circuit from one end only using dry instrument air at 30 psi and 
hold for 30 minutes. 

3. Open the opposite end valve and allow the air pressure to assist in draining out 
the water. Repeat this procedure until all visible trapped water is removed. 

4. Allow dry instrument air at 30 psi to flow through the circuit for two hours to 
complete the draining. 

Vacuum Drying 

1. Connect a vacuum pump of sufficient capacity for the subject machine to the 
water circuit at one end and close the opposite end valve. 

2. Draw a vacuum of 29" Hg or better for 24 hours to remove the air and moisture. 

3. At the end of the 24 hour period, close the vacuum pump valve and disconnect 
the pump from the circuit to ensure that no oil from the pump is drawn back into 
the circuit when the pump is shut down. 

4. Open all valves to drain any water collected. 

5. Close all valves to reconnect the vacuum pump. 

6. Draw a vacuum of 29" of Hg until dew point readings at the pump outlet indicate 
that the circuit is dry. 

7. Close the pump valve and disconnect the vacuum pump. 

8. Remove all blanks and simply cap the circuit openings or reconnect to the stator 
water package unit. 

Silica Gel Maintenance. Silica gel is used in the storage of generators and aux¬ 
iliary equipment for the purpose of moisture removal and humidity control. It has the 
following properties, which makes it highly desirable for our purposes: 

• High absorptive capacity due to its porosity and large surface area. 

• Chemically inert material. The absorptive action is purely physical, with no 
change in size or shape and no chemical compounds formed. 

• Long desiccant life. 

• Good physical strength and abrasion resistance. 

• Easily and economically reactivated. 

When using silica gel for our purpose, it should be purchased on the above basis. It 
is desirable to obtain an indicating type that will change color when it is exhausted and 
requires reactivation. The quantity used should be determined by the volume of the 
container and the specifications of the particular brand of silica gel purchased. 
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When using the silica gel, the required number of packages should simply be placed 
inside the container on a clean, dry surface exposed to the environment within. When 
the gel is exhausted as indicated by color change, it should be reactivated as per in¬ 
structions and specifications obtained at the time of purchase. Reactivation is usually 
done by heating for a few hours at about 100°C. The silica gel can be reused after it is 
fully reactivated. 

Insulation Testing and Maintenance. The two principle measurements used 
are the insulation resistance test and the polarization index test. Both these checks are 
described in detail in IEEE Standard 43, “Recommended Practice for Testing Insula¬ 
tion Resistance of Rotating Machinery,” and should be referred to there. 

Monitoring and Maintenance Check Sheet 

Installed Generators 

Stators: (a) nitrogen pressure _ 

(b) heaters @ 5°C above ambient _ 

temperature 

(c) silica gel condition _ 

(d) IR stator windings _ 

(e) PI stator windings _ 

Casing: (a) dewpoint _ 

(b) temperature of internal atmosphere _ 

Stator Water System: (a) rotate pumps and motors _ 

(b) IR motor windings _ 

(c) PI motor windings _ 

Seal-Oil System: (a) change pump supply _ 

(b) oil pressure _ 

Rotor: (a) IR windings _ 

(b) PI windings _ 

(c) turn rotor shaft _ 

Rotating Exciter: (a) IR windings _ 

(b) PI windings _ 

(c) ambient temperature _ 

(d) humidity _ 

(e) silica gel condition _ 

Static Exciter: (a) humidity _ 

(b) ambient temperature _ 

(c) silica gel condition _ 

Pedestal: (a) IR pedestal to ground _ 

CT’s and Terminals: (a) IR to ground _ 

(b) ambient temperature _ 

(c) humidity _ 

(d) silica gel condition _ 

(a) visual inspection _ 


Hydrogen Panel: 
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Spare Components 

(a) nitrogen pressure 

(b) heaters @ 5°C above ambient 
temperature 

(c) silica gel condition 

(d) IR stator windings 

(e) PI stator windings 

(a) IR windings 

(b) PI windings 

(c) silica gel condition 

(d) temperature of storage atmosphere 

(a) IR each conductor 

(b) PI each conductor 

(c) silica gel condition 


12.10 LIFE CYCLE MANAGEMENT (LCM) 

A life cycle management document (LCM) comprises a long-term strategy for major 
station equipment. The LCM, in principle, does not deal with everyday problems (e.g., 
troubleshooting a protection relay, fixing pipe leaks in the cooling water supply, 
changing gaskets, reclaiming a bad RTD unless they are part of a long-term issue. 
LCMs are generated to provide management with a long-term strategy, based on in- 
house and other plants’ experience, specific technical information, and an economic 
cost-benefit analysis. LCM preparation, if done correctly, requires significant input 
from a number of plant personnel and, if needed, outside individuals. It is an ongoing 
project. Therefore, LCMs are normally only prepared for critical station components. 
LCMs are found mostly in nuclear power plants, where manpower is more available 
than in other types of plants with relatively lean staffing. LCMs are predicated on 
needs such as regulatory concerns, major risk to safety and/or production, major eco¬ 
nomic impact, and major replacement cost. Intrinsic-to-equipment drivers include ob¬ 
solescence, degradation, and chronic and expensive maintenance. 

EPRl has published guidelines for the preparation of LCMs [8]. However, LCMs 
are most effective when written by taking into consideration the specific circumstances 
of a given station. In general, the LCM will do a “remaining life” analysis on the gen¬ 
erator, focusing on major components such as stator, rotor, excitation, AVR, and sub¬ 
components such as stator core, retaining rings, wedges, and so on. Once the “remain¬ 
ing life” issues are described, potential failure modes analyzed, and obsolescence 
problems uncovered, the LCM prepares a number of life-cycle options. Such options 
may include alternatives such as refurbishment, replacement, increasing the spare- 
parts list (including even major items like a spare rotor), or, most probably, a combina¬ 
tion of all these. 

It is important at the onset of the LCM to delineate what are the systems and com¬ 
ponents to be included. For instance, auxiliary systems (water, oil, and gas treatment 


Stator: 


Rotor: 


Stator Windings: 
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skids) ought to remain outside the scope of the LCM, unless there is an overriding 
need to include them. Also, the LCM ought to take into account forward-looking main¬ 
tenance approaches. For instance, does the station encourage the use of condition- 
based maintenance? Is the station planning for extended periods without a major in¬ 
spection? Is there a goal of reducing maintenance man-hours? These and other 
constraints should be taken into consideration when preparing an LCM. 

Perhaps the most difficult part of preparing the LCM is assessing remaining life 
of certain main components such as core, windings, and excitation systems. One 
can look at industry published data for determining statistically based failure mecha¬ 
nism probabilities of major components and subcomponents. Nevertheless, the 
LCM should be mainly based on intense scrutiny of the condition of the generator 
in question. For instance, a rotor winding may be expected to last about 30 years, but 
a serious look at one’s machine may point to a different expected lifespan. The bot¬ 
tom line is that a LCM is first and foremost about a specific system or component, 
and not a generic document that would apply to many units. One important require¬ 
ment for an effective LCM is that it should be maintained on a regular basis (i.e., re¬ 
vised based on ongoing changes in the situation of the equipment and/or other ele¬ 
ments). 

As explained above, a LCM should be tailored based on the individual idiosyn¬ 
crasies of a given station. Nevertheless, the typical LCM may have the following con¬ 
tent: 

• Objective 

• Approaches to creating and maintaining the LCM 

• Executive Summary (for those managers who do not have the time to read the 
entire LCM; an effective executive summary out to be cogent while concise) 

• Component Description 

Frame 
Casing 
Stator core 
Stator winding 
Rotor forging 
Rotor winding 
Retaining rings 
Excitation 

• Time-line graph (capturing major changes over the life of the machine and the 
future outlook) 

• Machine parameters (a section containing as many macchine constants and 
graphs as possible) 

• Summary of recommendations 

• References (industry-wide, OEM, internal to the station) 

• Attachments: any report, internal or external, of importance to the LCM 
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As stated above, other components may or may not be included, such as auxiliaries. 

For identical units, a single LCM is probably the most effective way to go. It should 
include comparative information such as a common graph of wedge looseness for all 
the identical units. Other issues for a LCM, such as vibration, can also be compared 
with each other to reveal significant insights on condition and remaining life. For ex¬ 
ample, Figure 12.16 shows a graph with wedge looseness information for two identical 
four-pole, 1300 MVA units. The units not only are identical in design, but have almost 
same number of operating hours, starts, and load-rejection events. Nonetheless, the 
traces clearly show that each unit has a very different history of wedge looseness. 

Figure 12.16 condenses a number of issues that ought to be taken into account in 
preparing a LCM of a generator. 


12.11 SINGLE-POINT VULNERABILITY (SPV) ANALYSIS 

Single-point vulnerability analysis is another program found mainly in the nuclear in¬ 
dustry. First implemented for safety-related equipment, it has made the leap to the bal¬ 
ance of plant systems. 

The purpose of a SVP program is to give priority in maintaining those components 
and subcomponents that may cause major loss of production or/and result in signifi¬ 
cant risk to safety of plant and personnel. For example, a SPV analysis of a main gen¬ 
erator may consider a single protective instrument as a SPV if by failing it can cause a 
unit trip or significant loss of production. The program requires that a list of SPVs be 
written by cognizant engineers, and then maintenance standard instructions or mainte- 



Fig. 12.15 Comparative wedge history of two identical four-pole, 1300 MVA units. 
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MAINTENANCE 


Risk 



Fig. 12.16 Risk management over the life of the generator components. 


nance orders are reviewed to ascertain that these SPV components are maintained in a 
proper manner. In practical terms for main generators, almost every component has the 
potential of causing major losses. Thus, as shown in other places in this book, it is 
highly recommended that they are be given maximum attention. 
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Note: Information presented in figures and tables is denoted by / and t, respectively, following 
the page number. 


absorption current, 708 

ac. see alternating current 

acceleration, voltage buildup during, 182-185 

accessibility, of generators, 388-389 

accidental energization, 355-357, 356/ 

ac hi-pot testing, 710-714 

action, Lenz’s law of, 18-20, 21/ 

active power, 11 

air baffles, 433, 435/ 

air cooling, 111-112, 112t 

airgap, 32, 40, 51-52, 51/ 450, 451/ 

airgap flux probe, 751-752 

airgap line, 165 

airgap pickup rotor wedge, 95/ 
air pressure decay testing, 700, 701/ 
air pressure test of rotor bore, 731-732 
alarming methods, 367-372 
alkalizer inspection, 664 
alleviation techniques, 236-237 
alternating current 
basics of, 8-15 
frequency of, 8 
aluminum windings, 579-580 
amortisseur, 25 

amortisseur winding, 96-97, 97/ 

Ampere, Andre Marie, 18 
Ampere-Biot-Savart’s law of electromagnetic 
induced forces, 18, 2Qf 
ampere-tums 

field winding and, 94 


rule for, 52 

analog relays, 335-336 
apparent power, 11, 145-146 
approximate reactive capability curve, 168, 
169/ 
armature 

dc generator, inspection of, 671 
reaction, 48-51, 51/ 166, 195-196, 195/ 
in rotating field machines, 25 
in stationary field machines, 24 
Arrhenius, Svante August, 178 
Arrhenius law, 178 

artificial intelligence diagnostics, 257-260 
asphalt bleeding, 487^89, 488/ 489/ 

A-T. see ampere-turns 
automatic voltage regulator, 185, 789 
auxiliary systems, overview of, 121 
auxiliary systems inspection 
dc generator armature, 671 
dc generator strator, 671 
diode connections, 669-670 
exciter-drive motor, 671-672 
exciter-motor rotor, 672 
exciters, 666-672, 668/ 669/ 670/ 671/ 
field-discharge resistor, 672 
hydrogen cooling, 660-662 
hydrogen desiccant, 661-662 
lube-oil system, 659-660 
seal-oil system, 662-663, 663/ 
shaft-mounted diodes, 668-669, 669/ 
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auxiliary systems inspection (continued) 
stator cooling water system, 663-665 
AVR. see automatic voltage regulator 
axial clamping force, 43/ 44 
axial cooling, 89-90 
axial fan, 89/ 112, 113/ 114/ 
axial fan inspection, 565, 566/ 567, 567/ 
axial thrust collar, 116/ 117/ 

back-of-core burning, 61, 62/ 467^70, 469/ 
512-515,513/514/ 

balance 
in fans, 112 
in rotor design, 83 
voltage, 348-349, 349/ 
balance bolts, 570-571, 571/ 
balance ring, 99 
balance ring inspection, 563 
balance weights, 570-571, 571/ 
bar bounce force, 75-76 
bar bouncing, 73, 75, 286, 287/ 
barrel fit, 97, 98/ 
bars 

bottom, 63, 64/ 65/ 
top, 63, 64/ 65/ 

basic operating parameters, 143-160 
bearing inlet oil temperature, 311-312 
bearing inspection, 567-570 
bearing insulation inspection, 420^21, 568, 
570/ 638-640, 640/ 
bearing journal drive end, 89/ 
bearing journal excitation end, 89/ 
bearing metal temperature, 311 
bearing outlet oil temperature, 312 
bearing pedestal inspection, 420^21 
bearings 

in generators, 100-111, 110/ 
journal, 100-111, 110/ 
pedestal, 117 
in rotor forge, 85 
tilting pad, 100-111, 110/ 
bearing support inspection, 418-420, 418/ 
419/ 

bearing tests, 766, 766/ 
bell pitting, 573 
bell washers, 463^64, 464/ 
belly bands, 467, 467/ 

Biot, Jean Baptiste, 18 

blades, inspection of fan, 565, 566/ 567, 567/ 


blocked cooling ducts, 440 
blocked vent holes, 635-636, 636/ 637/ 
blocking, end-winding, 474-478, 475/ 476/ 
477/ 

blocking ties, 475^76, 475/ 476/ 477/ 
body flex slots, 630, 633, 634/" 
bolts, coupling, 636, 637/ 638/ 
bore bars, 85 

bore copper, 105-106, 106/ 114 
bore copper inspection, 620/ 621-625, 621/ 
623/ 624/ 

borehole, in rotor shaft, 85 
bore testing, 731-732 
bottom bars, 63, 64/ 65/ 
box, water, 509, 511 
breadth, 66 

breakdown maintenance, 780-781 
breaker failure protection, 350-351, 351/ 
brushes, 24, 629-630, 630/ 631/ 632/ 
brushgear, 106-107, 107/ 
brushless excitation systems, 137-138, 140/ 
141/ 

brush misalignment, 614 
brush patina, 614-615 
brush-pressure spring inspection, 624-626, 
627/ 628/ 

brush-pressure springs, 617 
brush problem alarm, 310 
brush rigging, 626, 629, 629/ 
brush ring inspection, 613-617, 613/615/ 
616/617/618/ 
bulging, insulation, 492^93 
bulk stator cooling water outlet temperature, 
277 

bump instruments, 792 
bump test, 700 

burning, back-of-core, 61, 62/ 512-515, 
513/ 514/ 

bus ground detectors, 246 
bushings, 80, 81/ 525, 526/ 
bushing vents, 527-528, 528/ 529/ 
bushing well, 526 

bushing-well insulators, 528-529, 530/ 531/ 

caged stator core inspection, 435^38, 436/ 
437/ 

capability curves, 151/ 167-169, 167/ 170/ 
171/ 

capacitance mapping, 702 
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capacitance measurements, 717 
capacitive circuits, 11, 13/ 
capacitive coupling, 290-291, 291/ 297/ 714 
capacitive slot discharge, 285, 285/ 
carbon dioxide, hydrogen cooling and, 123 
carbon seals, 645-646, 646/ 647/ 
castellated fit, 97, 98/ 99/ 

C-channel subslot, 589, 590/ 591/ 

C-core test, 743, 745/ 
centering ring, 99 
centering ring inspection, 563 
chemical copper oxide reduction process, 
516-518, 517/ 

chemical flushing, of cooling system, 665 
chemistry, in stator cooling water, 132-134, 
133/ 
circuit(s) 

capacitive, 11, 13/ 
characteristics of 10 

equivalenf 17/ 35-36, 35/ 36/ 196, 197/ 
198/ 

fundamental equation, 196, 198-203 
inductive, 11, 13/ 
power angle of 10 
power factor of 10 
power triangle and, 11-15, 13/ 14/ 
reactive, 11 
resistive, 10-11, 10/" 
three-phase, 15-16, 17/ 
circuit breaker trip, 371 
circumferential bus insulation, 520-523, 

521/ 522/ 

circumferential flex slots, 173, 173/ 
circumferential pole slots, 633-635, 635/ 
cleaning 

of excitation system, 667-668, 668/ 
of rotors, 538-539, 540/ 
of stator bars, 473^74, 474/ 
of stator core, 439^40, 440/ 
close-clearance oil seal, 115 
closed circuit test, 272-273, 273/ 
coil 

connections, 607-613 
magnetic field and, 5-6, 5/ 
shifting, 635-636, 636/ 637/ 
span, 54 

cold hydrogen gas pressure, 316 
collector ring inspection, 613-617, 613/ 
615/616/617/618/ 


collector ring insulation, 619-621, 619/ 620/ 
621/ 622/ 

collector rings, 105, 106-107, 106/ 107/ 

613-617, 613/ 615/ 616/ 617/ 618/ 
619-621, 619/ 620/ 621/ 622/ 
commutator inspection, 670-671 
compression bands, 467, 467/ 
compression bolts, 425 
computers 

artificial intelligence diagnostics and, 
257-260 

monitoring and, 252 
condenser, lagging, 33, 33/ 
condition-based maintenance, 782 
conduction current, 708 
conductivity, of cooling water, 132, 327 
conductor bar hose outlet temperature, 
277-278 

conductor bar slot temperature, 278-280 
conductors 
definition of 6 
field winding and, 94 
connectors, terminal, 105-106, 106/ 620/ 
621-625, 621/ 623/ 624/ 
consolidated slot liners, 580-581 
construction principles, of synchronous 
machines, 24-26, 26/ 27/ 
consumables, 519 

containment, hydrogen, 113-117, 115/ 116/ 
117/ 

conversion, electromechanical, 20-21, 22/ 
cooling 

air, 111-112, 112r 
axial, 89-90 

chemical flushing and, 665 
direct, 69-70 

flow restriction, 515-518, 516/517/ 
gas, 70 

gaskets, 518-520, 518/ 519/ 
hoses in, 518-520, 518/ 519/ 
hydrogen, 111-112, 112f, 118, 118/ 

122-125, 124/ 125/ 315-319, 318/ 
532-534, 533/ 534/' 
indirect, 70 

ingression of water and, 192 
inlet temperature, 276-277, 281 
inspection, 532-534, 533/ 534/ 660-662, 
663-665 

leaks, 509-512,510/ 511/ 
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cooling (continued) 

loss of, 181-182, 362-364, 363/ 
oil, 1 lit 

0-rings, 518-520, 518/ 519/ 
outlet temperature, 277 
in rotor windings, 89, 90/ 
in seal-oil system, 662 
of stator core, 44^5 
uprating and, 799-800 
vent blockage, 440, 461^62, 463/ 
water, 70-71, 112r, 128-136 
water box in, 509, 511 
cooling water, 70-71, 128-136, 281, 
511-512 

cooling water conductivity, 327 
cooling water copper content, 329 
cooling water filter differential pressure, 

326 

cooling water flow, 326-327 
cooling water hydrogen content, 328 
cooling water inlet temperature, 276-277, 
281, 325 

cooling water inspection, 663-665 
cooling water makeup tank, 663-664 
cooling water makeup tank level, 329 
cooling water monitoring, 324-330 
cooling water outlet pressure, 326 
cooling water outlet temperature, 325 
cooling water oxygen content, 327-328 
coordination, definition of, 333 
copper 

bore, 105-106, 106/ 620/ 621-625, 621/ 
623/ 624/ 

in cooling water, 132, 329 
corrosion, 515-516 
dust, 179, 538-539 
flux level and, 50 
in main leads, 604, 606, 607/ 
in rotor windings, 579 
copper oxide reduction process, 516-518, 
517/ 

core-back area, 45, 62 
core bolts, 462^64, 464/ 
core-clamping-plate inspection, 464^65, 
465/ 

core-clamping-plate temperature, 267, 268/ 
core-end flux screen inspection, 465^66, 
466/ 

core-end flux screen temperature, 267-268 


core-end overheating, 470-472, 470/ 

core-end oversaturation, 468 

core loss test, 695 

core monitor, 268-270, 269/ 270/ 

core temperatures, 265-267, 266/ 

core-to-frame coupling, 63 

core tooth, 63 

corona activity, 495-504 

corona probing, 715-716, 716/ 

coupling inspection, 636, 637/ 638/ 

creepage block, 90/ 587-588, 589/ 590/ 

creepage distance, 582 

crevice corrosion leaks, 509 

critical cracks, 229 

crosscuts, 83 

cross Roebel, 69, 69/ 

cross-slot flux, 73 

cross-slot leakage flux, 83-84, 84/ 85/ 

CTs. see current transformers 
current 

absorption, 708 
field, 150, 262-263 
barging, 708 
leakage, 708 
line, 15 

negative-sequence, 173/ 174-175, 174/ 
175f 176/ 176f 214-223 
off-frequency, 175-177 
over, 224 
parasitic, 37 
phase, 15 
in phase, 10, 10/ 
shaff 308-311,309/ 310/ 
skin, 173, 173/ 
stator, 149-150, 261-262 
steady-state component, 10 
transients, 224 
unbalanced, 345-347, 346/ 
current-through-forging test, 762-764, 764/ 
current transformers, 81/ 289-290, 290/ 348, 
529-532, 531/ 532/ 

curves 

approximate reactive capability, 168, 169/ 
capability, 151/ 167-169, 167/ 170/ 171/ 
efficiency, 239, 240/ 
loss, 238, 239/ 

machine, 165-170, 166/ 167/ 170/ 171/ 
open-circuit saturation, 165, 166/ 
performance, 238-239, 239/ 
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synchronous impedance, 165-167, 166/ 
V, 169-170, 172/ 

damping winding, 25, 96-97, 97/ 
damping winding inspection, 571-576, 573/ 
574/' 

dc field ground discrimination, 357-360 

dc generator armature, 671 

dc generator strator, 671 

dc hi-pot test, 710, 734 

dc leakage testing, 708-709 

dc main leads, 603-607, 605/ 606/ 607/ 

debris 

in airgap, 450, 451/ 
in cooling system, 129 
in lube oil system, 122 
deflection, of retaining rings, 99-100, 100/ 
deformation, of rotor windings, 597-600 
degasifying plant, 127, 130/ 
deionizer inspection, 664 
deionizing materials, 134 
deionizing subsystem, 131 
8. see load angle 
delta form, 16, 17/ 
desiccant inspection, 661-662 
detectors, generator bus ground, 246 
detraining tank level, 329 
device function numbers, 337, 338r 
dew-point monitoring, 123-124, 316-317 
DFRs. see digital fault recorders 
diagnostics, artificial intelligence, 257-260 
dielectric absorption, 504 
dielectric absorption testing, 708 
differential protection, 245 
digital fault recorders, 219-220, 220/ 
diode bridge, 25 
diode connections, 669-670 
diodes, shaft-mounted, 668-669, 669/ 
diode wheel, 668 
direct cooling, 69-70 
discharge, 283-293 

discharge brushes, 629-630, 630/ 631/ 

632/ 

discharge inception level, 284 
discharge stick, 387 
discoloration, end wedge, 578/ 
dissipation factor, 717-718 
distribution factor, 54, 55/ 66 
droppers, phase, 523-525, 525/ 


dryer inspection, 661-662 

dry-ice blasting, 439 

drying, storage and, 822-823 

dry windings, 376-377 

dust, copper, 179, 538-539 

dye-penetrating examination, 721-722 

dynamic monitoring, 254-257 

eddy-current effect, 42, 43/ 
eddy-current examination, 725-727 
eddy loss, 37, 38, 157-158, 158/ 
effective flux, 6 
efficiency curves, 239, 240/ 

18 Mn-4 Cr, 104 
18 Mn-5 Cr, 104 
18 Mn-18 Cr, 100 
18-5 rings, nonmagnetic, 545-546 
EL-CID testing, 444, 447, 676-684 
electrical-mechanical equivalence, 7-8, 9/ 
electrical parameters, generator, 261-265 
electricity 
basics of, 6-7, 8/ 
definition of, 6 
ionic clouds and, 6, 8/ 
electric power 
basics of, 3-7 
electromagnetism in, 3-6 
magnetism in, 3-6 

Electric Power Research Institute, 541 
electroetching, 453^54, 454/ 
electromagnetic considerations in uprating, 
799 

electromagnetic finite element analysis, 
52-55, 53/ 54/ 
electromagnetism 

Ampere-Biot-Savarf s law, 18, 20/ 
electric power and, 3-6 
induction, Faraday’s law of, 18 
in turbogenerators, 51-56 
electromechanical energy conversion, 20-21, 
22 / 

end bell pitting, 573 
end bracket inspection, 416-418, 417/ 
end-region effects, 56-62 
end-shield bearing support inspection, 
418^20,418/419/ 

end turns, 594-600, 598/ 599/ 600/ 601/ 

end wedge discoloration, 578/ 

end wedge inspection, 571-576, 573/ 574/ 
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end-wedge migration, 507-508 
end-winding blocking, 474-478, ^15f, 

Allf 

end-winding corona activity, 496-497, 49(^, 
497/ 

end-winding discharge, 287-288, 288/ 
end-winding geometry, 76 
end-winding inspection, 589-613 
end-winding retightening system, 482, 482/ 
483/ 

end-winding roving, 474^78, 475/ 476/ 
477/ 

end-winding support systems, 76-77, 77/ 
78/ 481^84, 481/ 482/ 483/ 
484^86, 485/ 486/ 
end-winding vibration testing, 700 
energization, inadvertent, 171-174, 173/ 
174/ 355-357, 356/ 
energy conversion 

electromechanical, 20-21, 22/ 
principle of, 20 

EPRI. see Electric Power Research Institute 
equivalent circuit, 17/ 35-36, 35/ 36/ 196, 
197/ 198/ 
excitation, 237-238 
excitation change, 199-202 
excitation loss, 246-247 
excitation system cleanliness, 667-668, 668/ 
excitation system fuses, 669-670 
excitation system monitoring, 313-314 
excitation system performance 
characteristics, 139-141 
excitation voltage, 139-140 
exciter, 237 

exciter-drive motor cleanliness, 671-672 
exciter-motor rotor, 672 
exciter storage, 814 

exciter system inspection, 666-672, 668/ 
669/ 670/ 671/ 
exciter systems, 136-142 
exogenous losses, 38 
expansion-bearing bolts, 484, 484/ 
experience 

industry, 236-237 
inspection, 384 
expert systems, 257-260, 336 
extended turning-gear operation, 178-181, 
179/ 180/ 

extent, of maintenance, 784-785 


fan blade inspection, 565, 566/ 567, 567/ 
fan ring inspection, 563-565, 563/ 564/ 565/ 
fans 

axial, 112, 113/ 114/ 
radial flow, 112, 113/ 114/' 
rotor, 112, 113/ 114/ 
fan testing, 727 
Faraday, Michael, 18 

Faraday’s law of electromagnetic induction, 

18 

fatigue, 229 

FEA. see finite element analysis 

feet, inspections and, 377 

field applied offline mode, 163 

field breaker, 185 

field current, 150, 262-263 

field-discharge resistor, 672 

field ground discrimination, 357-360 

field ground instructions, 243 

field supplies, 27 

field voltage, 150, 263 

field-winding ground detection, 762, 764/ 

filler 

ripple, 72, 73/ 74/ 500 
side-packing, 508-509, 508/ 509/ 
filtering system, 70-71, 129 
fingerplates, 425 

finite element analysis, 52-55, 53/ 54/ 559 
flow restriction, in water cooling, 515-518, 
516/517/ 
flow testing, 702 
flushing, chemical, 665 
flux, resultant, 195, 195/ 
flux and armafure reaction, 48-51, 51/ 
flux density, 53/ 54/ 56 
flux probe, 424/, 744-761 
flux screen, 60/ 465-466, 466/ 
flux screen insulation resistance testing, 696 
flux shielding, 56-62 
flux shunt, 61,61/ 465^66, 466/ 
flux test, 52, 55, 684-695 
FME. see foreign material exclusion 
footing, frame, 412^13 
foreign material exclusion, 375-384, 376/ 
l>llf 379/ 380/ 381/ 382/ 383/ 
forging testing, 727 
forms, inspection, 394-409 
foundation inspection, 413^14 
four-pole forging, 82/ 
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frame footing, 412^13 
frame forces, 62-63 
frame inspection, 412^38 
frame vibration, 274-276 
frame vibration testing, 674-675 
freon, 701 
frequency 
under, 193, 194/ 
of alternating current, 8 
in different countries, 23 
of inspections, 387-388 
of maintenance, 783-784 
as monitored parameter, 263-264 
natural, 226, 227/ 
over, 193, 194/' 
radio, 289-290, 290/ 
in retaining rings, 101 
unit of, 8 
variation, 214 

fretting, 443^55, 444/ 445/ 446/ 448/ 449/ 
fretting-fatigue tooth cracking, 555-558, 

557/ 

friction bearings, 85 
function numbers, 337, 33 8t 
fundamental circuit equation, 196, 198-203 
fundamental voltage equation, 153-154 
fuses, in excitation system, 669-670 

galling, insulation, 492 
gas baffles, 433, 435/ 

gas collection, in cooling system, 131, 132/ 

gas cooling, 70 

gasgap, 32, 40,51-52,51/ 

gas guide inspection, 646, 648, 648/ 

gas guides, 433, 433/ 434/ 

gaskets, cooling, 518-520, 518/ 519/ 

GCM. see generator condition monitor 
generator bus ground detectors, 246 
generator casing hydrogen gas pressure, 
315-316 

generator condition monitor, 268-270, 269/ 
270/ 

generator differential protection, 245 
generator electrical parameters, 261-265 
generator field maximum excitation limiter, 
141 

generator foundation, 413^14 
generator output power, 261 
generator reactive power, 261 


generators 

accessibility of, 388-389 
armature reaction in, 48-51, 51/ 
auxiliary systems for, 121-142 
electromagnetics in, 51-56 
end-region effects and, 56-62 
end-winding support systems in, 76-77, 
77/ 78/ 

exciter systems in, 136-142 
frame forces in, 62-63 
function of, 39 

hydrogen coolers in, 46, 111-112, 1 \2t, 
118, 118/ 122-125, 124/ 125/ 
lube-oil system in, 122 
magnetic fields in, 5 
operating instructions, 239-250 
operating modes, 160-165 
operating parameters, 143-160 
parallel operation of, 203-206, 206/ 
power output basics, 40 
range of, 39 

rating achievement in, 49 
rating of, 143 
retaining rings in, 97-105 
rotational speeds of, 39 
rotor forging in, 81-89, 82/ 84/ 85/ 88/ 
rotor shrink coupling in, 107-108, 108/ 
seal-oil system in, 125-128, 130/ 
stability of, 206-211, 208/ 209/ 210/ 
212 / 

stator cores in, 41^6 
stator frames in, 46-48, 47/ 
stator thermal connections in, 80-81, 81/ 
stator winding configurations in, 77-80, 
78/ 79/ 

stator windings in, 63-73 
system considerations, 213-224 
torque and, 39^0 
uprating, 788, 796-810 
generator stator ground, 245-246 
generator trip, 370-371 
geometry, end-winding, 76 
girth cracking, 489^92, 490/ 491/ 
grading system, 72 
G-recorders, 792 
grid-induced events, 229-234 
alleviation techniques, 236-237 
industry experience with, 236-237 
line switching, 233 
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grid-induced events (continued) 

negative sequence occurrences, 230-232, 
232/, 233/ 

short circuit, 229-230 
solid-state loads, 233 
subsynchronous resonance, 232 
grid-induced torsional vibrations, 224-237 
ground 

generator stator, 245-246, 421 
inspections and, 385, 386/ 
ground alarm, 283, 299-300 
ground fault protection, 351-352, 352/ 353/ 
grounding brushes, 629-630, 630/ 631/ 632/ 
grounding cable inspection, 414^16, 415/ 
grounding tests, 765 

hardness tests, 543 
barging current, 708 
harmonics, third, 340 
head flashover, 350 
heat 

in brush gear, 107 
in lube oil system, 122 
in stator bars, 66-67 
heaters, space, 422, 422/ 
heat exchangers, in stator cooling system, 

129, 664 

heating blanket ring removal technique, 
547-548, 548/' 

heat-run testing, 771-773, 808-809 
heat staining, 470^71, 471/ 
helium, 701, 777 
hertz 

definition of, 8 

volts per, 153-160, 154/ 155/ 156/ 158/ 
159/ 187/264 

high-level alarm limits, 253-254 
high oxygen, 133, 134/ 663-664 
high-voltage bushings, 525, 526/ 
hi-pot test, 710-714, 734 
history, operational, 783 
hoop stress, 99 

hoses, cooling, 518-520, 518/ 519/ 
hot hydrogen gas pressure, 316 
hubs, fan, 563-565, 563/ 564/ 565/ 
hunting, 234, 235/ 
hydrogen 

cooling inspection, 532-534, 533/ 534/ 
cooling system monitoring, 315-319, 318/ 


in cooling water, 132, 281, 328, 511-512 
flammability of, 80-81 
isolated phase bus and, 362-364, 363/ 
364-367, 364/ 
leakage methods, 641 
leakage rate, 317-318 
mix calculation for given leak, 364-367, 
364/ 

pressure, 152 
purity, 317 
supply pressure, 315 
temperature, 152-153 

hydrogen containment, 113-117, 115/ 116/ 
117/ 

hydrogen coolers, 46, 111-112, 112t, 118, 
118/ 122-125, 124/ 125/ 
hydrogen cooling inspection, 660-662 
hydrogen degasifying plant, 127, 130/ 
hydrogen desiccant inspection, 661-662 
hydrogen detraining tank level, 329 
hydrogen dew point, 316-317 
hydrogen dryers, 545-546, 661-662 
hydrogen flow-rate capacity, 270-273, 272/ 
hydrogen leak detection, 773-777 
hydrogen sealant inspection, 528-529, 530/ 
531/ 630, 633, 634/ 640-646, 644/ 
645/ 646/ 647/ 

hydrogen sealant testing, 765-766 
hydrogen seal differential pressure, 313 
hydrogen seal temperature, 312 
hysteresis, 154, 155/ 

Hz. see hertz 

imbalance, rotor thermal, 307 
inadvertent energization, 171-174, 173/ 
174/ 355-357, 356/ 
indirect cooling, 70 
induction, Faraday’s law of, 18 
inductive circuits, 11, 13/ 
industry experience, 236-237 
inertia, rotor, 84 
infinite bus, 32 

infrared scan, in flux test, 684-695 
ingression, water, 192 
inspection forms, 394^09 
inspections 

auxiliary systems 

dc generator armature, 671 
dc generator strator, 671 
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diode connections, 669-670 
exciter-drive motor, 671-672 
exciter-motor rotor, 672 
exciters, 666-672, 668/ 669/ 670/ 671/ 
field-discharge resistor, 672 
hydrogen cooling, 660-662 
hydrogen desiccant, 661-662 
lube-oil system, 659-660 
seal-oil system, 662-663, 663/ 
shaft-mounted diodes, 668-669, 669/ 
stator cooling water system, 663-665 
general 

experience and, 384 
feet in, 377 

foreign material exclusion and, 375-384, 
376/ 377/ 379/ 380/ 381/ 382/ 

383/ 

frequency of, 387-388 
grounds and, 385, 386/ 
metal objects and, 377-378 
routines, 245, 249-250 
safety and, 384-387, 385/ 387/ 
site preparation and, 375-384 
tool inventory during, 379, 381/ 382/ 
tools for, 389-394, 390/ 391/ 392/ 

393/ 394/ 
training in, 384 
rotor 

balance weights, 570-571, 571/ 
bearing insulation, 638-640, 640/ 
bearings, 567-570 

bore copper, 620/ 621-625, 621/ 623/ 
624/ 

brush misalignment, 614 
brush-pressure springs, 617, 624-626, 
627/ 628/ 

brush rigging, 626, 629, 629/ 
brush rings, 613-617, 613/ 615/ 616/ 
617/618/ 

carbon seals, 645-646, 646/ 647/ 
C-channel subslot, 589, 590/ 591/ 
centering rings, 563 

circumferential pole slots, 630, 633, 634/ 
cleanliness, 538-539, 540/ 
coil connections, 607-613 
collector ring insulation, 619-621, 619/ 
620/ 621/ 622/ 

collector rings, 613-617, 613/615/ 
616/617/618/ 


coupling bolts, 636, 637/ 638/ 
couplings, 636, 637/ 638/ 
creepage block, 587-588, 589/ 590/ 
damper windings, 571-576, 573/ 574/ 
dc main leads, 603-607, 605/ 606/ 607/ 
discharge brushes, 629-630, 630/ 631/ 
632/ 

end turns, 594-600, 598/ 599/ 600/ 
601/ 

end wedges, 571-576, 573/ 574/ 
end windings, 589-613 
fan blades, 565, 566/ 567, 567/ 
fan rings, 563-565, 563/ 564/ 565/ 
fretting-fatigue, 555-558, 557/ 
gas guides, 646, 648, 648/" 
hydrogen seals, 640-646, 644/ 645/ 
646/ 647/ 

journal seals, 641, 642/ 643/ 
main lead hydrogen sealing, 630, 633, 
634/ 

main leads, 589-613, 603-607, 605/ 
606/ 607/ 

nonmagnetic 18-5 rings, 545-546 
overview of, 537-538 
patina integrity, 614-615 
pole connections, 607-613 
removal of rotors for, 648-653, 650/ 
651/ 652/ 653/; 654/ 655/ 656/ 

657/ 

retaining ring liners, 592-594, 594/" 
retaining ring removal in, 546-554, 

547/ 548/ 549/ 550/ 551/ 
retaining rings, 539-554 
rotor-body zone rings, 646, 648, 648/ 
shorted turns, 600, 603 
slot liner, 580-583, 583/ 584/ 585/ 

586/ 

thrust-collar seals, 642, 644/ 645/ 
tooth cracking, 554-562, 603 
top channel, 587-588, 589/ 590/ 
top-tooth cracking, 603 
turn insulation, 583-584, 586/ 
vent hole blockage, 635-636, 636/ 637/ 
wedges, 576-577, 578/ 
windings, 577-580, 580t, 581/ 582/ 
zone rings, 646, 648, 648/" 
stator 

air baffles, 433, 435/ 

asphalt bleeding, 487^89, 488/ 489/ 
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inspections, stator (continued) 

back-of-core burning, 467^70, 469/ 
bar contamination, 473^74, 474/’ 
bearing insulation, 420^21 
bearing pedestals, 420^21 
bell washer breakage, 463^64, 464/ 
belly bands, 467, 467/ 
blocked cooling vent ducks, 440 
blocking ties, 475^76, 475/ 476/ 477/ 
bushing vents, 527-528, 528/ 529/ 
bushing-well insulators, 528-529, 530/ 
531/ 

caged cores, 435^38, 436/ 437/ 
circumferential bus insulation, 520-523, 
521/ 522/ 

copper corrosion, 515-516 
core, 438-472 

core-compression plates, 464^65, 465/ 
core contamination, 438-440, 439/ 
core-end overheating, 470-472, 470/ 
core plate migration, 461, 462/ 
corona activity, 495-504 
crevice corrosion leaks, 509 
current transformers, 529-532, 531/1 
532/ 

dampening components, 426 
end-shield bearing support, 418^20, 
418/419/ 

end-winding blocking, 474^78, 475/ 
476/ 477/ 

end-winding retightening system, 482, 
482/ 483/ 

end-winding supports, 481^84, 481/ 
482/ 483/ 484^86, 485/ 486/ 
flow restriction in water-cooled 
windings, 515-518, 516/517/ 
flux screens, 465-466, 466/ 
flux shunts, 465^66, 466/ 
foundation, 413^14 
frame, 412^38,423^28 
frame footing, 412^13 
gas baffles, 433, 435/ 
gas guides, 433, 433/ 434/ 
gaskets, 518-520, 518/ 519/ 
generator end brackets, 416^18, 417/ 
girth cracking, 489-492, 490/ 491/ 
grounding cables, 414-416, 415/ 
grounding devices, 421 
heaters, 422, 422/ 


high-voltage bushings, 525, 526/ 
hoses, 518-520, 518/ 519/ 
hydrogen cooling, 532-534, 533/ 534/ 
hydrogen sealant, 528-529, 530/ 531/ 
insulation condition, 493^95, 493/ 

494/ 

insulation galling, 492 
insulation in air ducts, 492-493 
interlaminar failures, 443^55, 444/ 
445/ 446/ 448/ 449/ 
internal components, 423^34 
iron oxide deposits, 440^41, 442/ 
keybar area, 426^28, 428/ 429/ 
lamination damage, 455, 459/ 460 
lamination in air vents, 461^62, 463/ 
loose iron, 443^55, 444/ 445/ 446/ 
448/ 449/ 

magnetic termites, 512-515, 513/ 514/ 
0-rings, 518-520, 518/ 519/ 
overview of, 411-412 
oxide deposits, 462-464, 464/ 
partial discharge activity, 497-500, 498/ 
499/ 

phase connectors, 520-534 
phase droppers, 523-525, 525/ 
piping, 416, 417/’ 
resistance temperature detectors, 
422^23, 423/ 428^33, 430/ 431/; 
432/ 

seismic supports, 414, 415/ 
side-packing fillers, 508-509, 508/ 509/ 
slot discharge activity, 500-501, 501/ 
502/ 503/ 

space block migration, 460^61, 460/ 
standoff insulators, 526-527, 527/ 
support structure, 423^28 
surge ring insulation, 480^81 
surge rings, 478-480, 479/ 480/ 
tape separation, 489^92, 490/ 491/ 
terminals, 520-534 
thermocouple, 422^23, 423/ 
thermocouple wiring, 428^33, 430/ 
431/432/ 

water-cooled winding leaks, 509-512, 
510/511/ 

wedge migration, 507-508 
wedges, 504-507 
windings, 473-520 
wormholes, 512-515, 513/ 514/ 
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zone rings, 433, 433/ 434/ 
instability, 206-211, 208/ 209/ 210/212/ 
instructions 

field ground, 243 
inspection routines, 245 
moisture intrusion, 244-245 
on-line operation, 242-243 
operating, 239-250 
power system stabilizers, 243 
protective relaying, 245-250 
shutdown, 241-242 
start-up, 241 
system separation, 242 
voltage regulator, 244 
insulation 

aging, 493^95, 493/ 494/ 
in air ducts, 492^93 
asphalt, 487^89, 488/ 489/ 
bearing, 421, 568, 570/ 638-640, 640/' 
brush rig, 626, 629, 629/ 
bulging, 492-493 
bushing-well, 528-529, 530/ 531/ 
centrifugal loads in, 92 
circumferential bus, 520-523, 521/ 522/ 
collector ring, 619-621, 619/ 620/ 621/ 
622/ 

evaluating condition of, 493^95, 493/ 
494/ 

field forcing and, 92-93 
galling, 492 

girth cracking in, 489^92, 490/ 491/ 
interturn, 90-91, 90/' 
necking, 492 

overheating, 493^95, 493/ 494/ 
partial discharge and, 498^99 
resistance testing, 696, 704-706, 733, 766, 
766/ 

ring liners, 592-594, 594/ 

slip ring, 619-621, 619/ 620/ 621/ 622/ 

standoff, 526-527, 527/ 

in stator winding, 72 

surge ring, 480^81 

tape separation in, 489-492, 490/ 491/ 

thermoplastic, 487 

thermosetting, 487 

top channel, 587-588, 589/ 590/ 

“tree” growth in, 498^99 

turn, 583-584, 586/ 

in vent holes, 635-636, 636/ 637/ 


wall, 580-583, 583/ 
integral stator, 435 

interlaminar failures, 443-455, 444/ 445/ 
446/ 448/ 449/ 

internal partial discharge, 497-500, 498/ 
499/ 

interturn insulation, 90-91, 9Qf 
inventory, tools, 379, 381/ 382/ 
ionic clouds, 6, 8/ 

ionization, corona activity and, 495-504 

IPB. see isolated phase bus 

iron 

in cooling water, 132, 329 
flux level and, 50 

loose, in stator core, 443^55, 444/ 445/ 
446/ 448/ 449/' 
losses, 38 

as magnetically permeable, 6 
magnetism and, 3 

iron oxide deposits, 440^41, 442/ 
isolated phase bus, 80, 191-192, 362-364, 
363/ 364-367, 364/ 

jacking oil, 108 

journal bearings, 100-111, 110/ 
journal inspection, 567-570 
journal seals, 641, 642/ 643/ 
journal-type hydrogen seal, 116/ 117, 126 

keybar inspection, 426^28, 428/ 429/ 

knife test, 444, 445/ 446/ 

knowledge base, in artificial intelligence, 259 

lagging condenser, 33 

X. see power angle; torque angle 

laminations 

in air vents, 461^62, 463/ 
damaged, 455, 459/ 460 
electroetching and, 453^54, 454/ 
heat staining of, 470^71, 471/ 
in stator cores, 41, 43/ 
steel, 25 

Lauffen-Frankflirt demonstration, 22, 23/ 
law of the screwdriver, 5/ 

LCM. see life cycle management 

lead bushings, 525, 526/ 

leakage current, 708 

leakage flux, 6, 83-84 

leakage mechanisms, of hydrogen, 641 
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leakage rate, of hydrogen, 317-318 
leaved lead configuration, 603, 605/ 

Lenz, Heinrich, 18 

Lenz’s law of action and reaction, 18-20, 

21 / 

life cycle management, 825-827 
line current, 15 

liner, slot, 90/ 580-583, 583/ 584/ 585/ 
586/ 

line switching operations, 233 
line voltage, 15 

liquid penetrant inspection, 721-722 
load angle, 34 

load cycling, 177-178, 178/ 
loaded mode, 163, 164t 
load following, 411, 537-538 
load rejection, 234 
load-varying alarm limits, 254-257 
long rotor wedge, 96/ 
long-term storage, 810-825 
loss curves, 238, 239/ 
losses 

eddy, 38, 157-158, 158/ 
excitation, 246-247 
exogenous, 38 
iron, 38 

machine, 36-38 
mechanical, 38 
protection and, 335 
winding, 37 

loss of cooling, 181-182, 362-364, 363/ 
loss-of-field condition, 170-174 
loss-of-field during operation, 170-171 
loss-of-field protection, 345, 346/ 
low oxygen, 133, 135/ 664 
low-speed rotation, 600, 603 
LPI. see liquid penetrant inspection 
lube-oil system, 122 
lube-oil system inspection, 659-660 
lube-oil system monitoring, 319-321 
lubrication loss, 190-191 

machine curves, 165-170, 166/ 167/ 170/ 
171/ 

machine losses, 36-38 
machine operation, basic principles, 16-21 
machine rating, 144-145 
magnetically permeable materials, 6 
magnetic field, Af 


coil and, 5-6, 5/ 
definition of, 4 
effective flux and, 6 
leakage flux and, 6 
in turbogenerators, 5 

magnetic particle testing, in rotor, 720-721 
magnetic termites, 512-515, 513/ 514/ 
magnetism 

electric power and, 3-6 
poles and, 4, 4/ 5/ 
magnetizing reactance, 35-36, 36/ 
main lead hydrogen sealing, 630, 633, 634/ 
main leads, dc, 603-607, 605/ 606/ 607/ 
maintenance 

breakdown, 780-781 
condition-based, 782 
extent of, 784-785 
frequency, 783-784 
history, 783 
intervals, 783-784 
life cycle management and, 825-827 
mothballing and, 810-825 
obsolescence and, 789-791 
philosophies, 779-782 
planned, 781, 781/ 
predictive, 782 
rehabilitation and, 787-789 
replacement in, 786 
single-point vulnerability and, 827-828 
spare parts and, 795-796 
storage and, 810-825 
transportation and, 791-792 
uprating and, 787-789, 796-810 
workforce, 792-795 
work site location, 791-792 
makeup tank, 131, 663-664 
manual trip, 371 

materials, in stator core, 41,41/ 42/ 
mathematics, in dynamic monitoring, 254, 
256/ 

mechanical-electrical equivalence, 7-8, 9/ 
mechanical losses, 38 
megavolt ampere rating, 56 
meggering, 623 
megger readings, 376 
metallic objects, foreign, 377-378 
mica sheets, 444, 447446/" 
misalignment, of brushes, 614 
mode number, 228 
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modes 

field applied offline, 163 
frequency, 227 
loaded, 163, 164f 
online, 163, 164f 
open circuit, 163 
operating, 160-165 
run-down, 162-163 
run-up, 162-163 
shutdown, 160 
synchronized, 163, 164t 
turning gear, 160-162 
mode shape, 227-228 
moisture intrusion instructions, 244-245 
monitored parameters 

bearing inlet oil temperature, 311-312 
bearing metal temperature, 311 
bearing outlet oil temperature, 312 
bulk hydrogen supply pressure, 315 
bulk stator cooling water outlet 
temperature, 277 
cold hydrogen gas pressure, 316 
conductor bar hose outlet temperature, 
277-278 

conductor bar slot temperature, 278-280 

core-clamping-plate temperature, 267, 268/ 

core-end flux screen temperature, 267-268 

core temperatures, 265-267, 266/ 

core vibration, 273-274 

excitation system, 313-314 

exciter temperatures, 314 

field current, 262-263 

field voltage, 263 

frame vibration, 274-276 

frequency, 263-264 

generator casing hydrogen gas pressure, 
315-316 

generator condition, 268-270, 269/ 270/ 
generator electrical, 261-265 
generator output power, 261 
generator reactive power, 261 
hot hydrogen gas pressure, 316 
hydrogen cooling system, 315-319, 318/ 
hydrogen detraining tank level, 329 
hydrogen dew point, 316-317 
hydrogen flow-rate capacity, 270-273, 

272/ 

hydrogen in stator cooling water, 281 
hydrogen leakage rate, 317-318 


hydrogen purity, 317 
hydrogen seal differential pressure, 313 
hydrogen seal oil temperature, 312-313 
hydrogen seal temperature, 312 
liquid level in generator casing, 276 
in lube oil system, 319-321 
negative sequence, 264, 265/ 
overview of, 260 
radio frequency, 289-290, 290/ 
raw service water inlet pressure, 318 
raw service water inlet temperature, 
318-319 

raw service water outlet temperature, 319 
in rotor, 293-313 
rotor fan differential pressure, 313 
rotor vibration, 306-308, 307/ 308/ 
rotor winding ground alarm, 299-300 
rotor winding shorted turns detection, 
300-305, 303/ 304/ 

rotor winding temperature, 295-299, 301/ 
seal-oil cooler outlet temperature, 322 
seal-oil filter differential pressure, 323 
seal-oil flow, 323 

seal-oil inlet temperature, 321-322 
seal-oil outlet pressure, 322-323 
seal-oil pump outlet pressure, 322 
seal-oil tank level, 323 
seal-oil vacuum tank pressure, 323-324 
shaft speed, 305-306 
shaft voltage and current, 308-311, 309/ 
310/ 

stator cooling iron content, 329 
stator cooling water, 324-330 
inlet temperature, 276-277 
stator cooling water conductivity, 327 
stator cooling water copper content, 329 
stator cooling water filter differential 
pressure, 326 

stator cooling water flow, 326-327 
stator cooling water hydrogen content, 328 
stator cooling water inlet temperature, 281, 
325 

stator cooling water makeup tank level, 

329 

stator cooling water outlet pressure, 326 
stator cooling water outlet temperature, 

325 

stator cooling water oxygen content, 
327-328 
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monitored parameters (continued) 
stator cooling water pH, 329 
stator end-winding vibration, 282-283 
stator ground alarm, 283 
stator slot coupler, 292-293 
stator terminal voltage, 262 
stator winding, 276-293 
stator winding differential temperature, 
280-281 

stator winding partial discharge, 283-293 
three stator phase currents, 261-262 
torsional vibration, 308 
volts per hertz, 264 
monitoring 

artificial intelligence in, 257-260 
benefits of, 251 
computers and, 252 

dynamic, with load-varying alarm limits, 
254-257 

importance of, 251 
philosophies of, 252-253 
protection vs., 334 
with static high-level alarm limits, 
253-254 

storage and, 818-820 
of torsion events, 234-236, 236/ 
mothballing, 810-825 
motoring currents, 97 
motor operation, 33/ 34-35 
Mull Creek plant, 22 
MVA rating, see megavolt ampere rating 

nameplate, 146/ 

natural frequency, 226, 227/ 

NDEs. see nondestructive examinations 
near short circuit, 191-192 
necking, insulation, 492 
negative-sequence, 97, 264, 265/ 
negative-sequence currents, 173/ 174-175, 
174/ 175t, 176/ 176t, 214-223 
negative-sequence occurrences, 230-232, 
232/ 233/ 

negative-sequence protection, 248 
neutral terminals, 80 
neutral wire, 15 
Niagara Falls power plant, 22 
node, 228 

no-load operation, 32-34 
nominal voltage, 149 


nondestructive examinations, 541, 719-731 
nonmagnetic 18-5 rings, 545-546 
nonrated terminal voltage, 168, 171/ 
non-salient poles, 25, 27/ 
numbers, device function, 337, 338f 
numerical relays, 335-336 

obsolescence, 789-791 
0/F. see overfrequency operation 
off-frequency currents, 175-177 
oil 

bearing inlet, 311-312 
bearing outlet, 312 
hydrogen seal, 312-313 
ingression of, 192 
loss of, 190-191 

lubricating system, 122, 319-321 
lubricating system inspection, 659-660 
seal system, 125-128, 130/ 
seal system inspection, 662-663, 663/ 
oil cooling, 112t 
oil sealing, 115 

one degree of freedom systems, 226-228, 
227/ 

online mode, 163, 164r 
online operation, 164-165 
online operation instructions, 242-243 
“on turning gear,” 600, 603 
open circuit mode, 163 
open-circuit saturation curve, 165, 166/ 
open circuit terminal voltage, 184/ 186/ 
open-circuit terminal voltage, 184/ 
open circuit test, 272, 273/ 
open-circuit testing, for shorted turns, 
737-739, 741/ 

operating conditions, special, 170-193 
operating instructions, 239-250 
operating modes, 160-165 
operational history, 783 
operations 

parallel, 203-206, 206/ 
steady-state, 193-196 
operations concepts, 193-213 
0-ring inspection, 518-520, 518/ 519/ 
out-of-phase synchronization, 234 
out-of-step operations, 206-211, 208/ 209/ 
210/212/ 

out-of-step protection, 353-354, 355/ 
out-of-step synchronization, 191-192 
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output coefficient, 49-50 

output power, 261 

overcurrent, 224 

overexcitation, 33, 33/ 247 

overfluxing, 182-190, 183/, 184/ 185/ 344/ 

overfluxing protection, 341-342, 343/ 344/ 

overfrequency operation, 193, 194/ 

overfrequency protection, 249, 352-353, 354/ 

overloading, 178 

overload protection, 340-341 

oversaturation, in stator core, 468 

overspeed, 190, 192/ 224 

overvoltage protection, 342-343 

overvolts per hertz equipment, 141 

oxide deposits, on core bolts, 462^64, 464/ 

oxygen 

in cooling water, 132, 133/ 327-328 
dissolved, flow restriction and, 516 
high, 133, 134/ 663-664 
low, 133, 135/ 664 

packets, 58-59 

paint, semiconducting, 500-501, 501/ 
parallel operation, 203-206, 206/ 
parameters 

bearing inlet oil temperature, 311-312 
bearing metal temperature, 311 
bearing outlet oil temperature, 312 
bulk hydrogen supply pressure, 315 
bulk stator cooling water outlet 
temperature, 277 
cold hydrogen gas pressure, 316 
conductor bar hose outlet temperature, 
277-278 

conductor bar slot temperature, 278-280 

core-clamping-plate temperature, 267, 268/ 

core-end flux screen temperature, 267-268 

core temperatures, 265-267, 266/ 

core vibration, 273-274 

excitation system, 313-314 

exciter temperatures, 314 

field current, 262-263 

field voltage, 263 

frame vibration, 274-276 

frequency, 263-264 

generator casing hydrogen gas pressure, 
315-316 

generator condition, 268-270, 269/ 270/ 
generator electrical, 261-265 


generator output power, 261 
generator reactive power, 261 
hot hydrogen gas pressure, 316 
hydrogen cooling system, 315-319, 318/ 
hydrogen detraining tank level, 329 
hydrogen dew point, 316-317 
hydrogen flow-rate capacity, 270-273, 
272/ 

hydrogen in stator cooling water, 281 
hydrogen leakage rate, 317-318 
hydrogen purity, 317 
hydrogen seal differential pressure, 313 
hydrogen seal oil temperature, 312-313 
hydrogen seal temperature, 312 
liquid level in generator casing, 276 
in lube oil system, 319-321 
negative sequence, 264, 265/ 
overview of, 260 
radio frequency, 289-290, 290/ 
raw service water inlet pressure, 318 
raw service water inlet temperature, 
318-319 

raw service water outlet temperature, 319 
in rotor, 293-313 
rotor fan differential pressure, 313 
rotor vibration, 306-308, 307/ 308/ 
rotor winding ground alarm, 299-300 
rotor winding shorted turns detection, 
300-305, 303/ 304/ 

rotor winding temperature, 295-299, 301/ 
seal-oil cooler outlet temperature, 322 
seal-oil filter differential pressure, 323 
seal-oil flow, 323 

seal-oil inlet temperature, 321-322 
seal-oil outlet pressure, 322-323 
seal-oil pump outlet pressure, 322 
seal-oil tank level, 323 
seal-oil vacuum tank pressure, 323-324 
shaft speed, 305-306 
shaft voltage and current, 308-311, 309/ 
310/ 

stator cooling iron content, 329 
stator cooling water, 324-330 
inlet temperature, 276-277 
stator cooling water conductivity, 327 
stator cooling water copper content, 329 
stator cooling water filter differential 
pressure, 326 

stator cooling water flow, 326-327 
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parameters (continued) 

stator cooling water hydrogen content, 328 
stator cooling water inlet temperature, 281, 
325 

stator cooling water makeup tank level, 

329 

stator cooling water outlet pressure, 326 
stator cooling water outlet temperature, 

325 

stator cooling water oxygen content, 
327-328 

stator cooling water pH, 329 
stator end-winding vibration, 282-283 
stator ground alarm, 283 
stator slot coupler, 292-293 
stator terminal voltage, 262 
stator winding, 276-293 
stator winding differential temperature, 
280-281 

stator winding partial discharge, 283-293 
three stator phase currents, 261-262 
torsional vibration, 308 
volts per hertz, 264 
parasitic currents, 37 
parasitic eddy losses, 38 
partial discharge, 283-293, 497-500, 

499/ 

off-line testing, 714-716 
partial discharge monitoring device, 424/ 
patina, 614-615 
PD. see partial discharge 
pedestal bearings, 117 
performance curves, 238-239, 239/ 
personal grounds, 385, 386/ 
per-unit transient reactance, 50 
PF. see power factor 

pH, of cooling water, 133-134, 136/ 329 

phase, current in, 10, 10/ 

phase-connection buses, 520 

phase connector inspection, 520-534 

phase current, 15 

phase droppers, 523-525, 525/ 

phase-to-phase short circuits, 76 

phase voltage, 15 

phasor, 9/ 

definition of, 8 
in no-load operation, 33/ 
d>, 32 

philosophies, of monitoring, 252-253 


PI. see polarization index 
pipework, in stator cooling system, 664 
piping inspection, 416, 417/' 
pitch, 65 

pitch factor, 54, 55/ 

pitting, of end bells, 573 

planned maintenance, 781, 781/ 

plugging, in conductor bar, 278 

polarization index, 504, 706-708, 733-734 

pole connections, 607-613 

pole drop test, 742-743 

pole-face axial slots, 88/ 

pole-face crosscuts, 83 

poles 

in magnetism, 4, 4/ 5/ 
salient, 25, 26/ 
slipping, 206-207, 234 
pole slots, circumferential, 630, 633, 634/ 
pony motor, 162 
potential transformers, 341 
power 
active, 11 
apparent, 11 
change in, 202, 203/ 
output, 261 
rated, 147, 149 
reactive, 11, 261 
real, 149 
reverse, 247, 343 
power angle, 10, 34 
power factor, 10, 146-148, 147/ 
power factor ratings, 56 
power factor testing, 717-718 
power factor tip-up, 504 
power system stabilizers, 232, 243 
power transfer equation, 196-198 
power triangle, 11-15, 13/ 14/ 
predictive maintenance, 782 
pressure 

cold hydrogen gas, 316 

of cooling water, 135 

in exciter system, 314 

generator casing hydrogen gas, 315-316 

hot hydrogen gas, 316 

hydrogen, 152 

hydrogen seal differential, 313 
hydrogen supply, 315 
raw service water inlet, 318 
rotor fan differential, 313 
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seal-oil filter differential, 323 

seal-oil outlet pressure, 322-323 

seal-oil pump outlet, 322 

seal-oil vacuum tank, 323-324 

stator cooling water filter differential, 326 

stator cooling water outlet, 326 

stator winding differential, 135 

pressure drop testing, 702 

pressure springs, brush, 617, 624-626, 627/ 
628/ 

prewarming, 164 

principle of energy conversion, 20 

protection 

accidental energization, 355-357, 356/ 

alarming methods, 367-372 

analog relays in, 335-336 

breaker failure, 350-351, 351/ 

conditions in, 334-335 

dc field ground discrimination, 357-360 

device function numbers in, 337, 338f 

elements of, 334 

expert systems in, 336 

functions in, 337-355 

generator differential, 245 

isolated phase bus, 362-364, 363/ 

losses and, 335 

loss-of-field, 345, 346/ 

negative sequence, 248 

numerical relays in, 335-336 

obsolescence and, 790-791 

out-of-step, 353-354, 355/ 

overfluxing, 341-342, 343/ 344/ 

overfrequency, 249, 352-353, 354/ 

overload, 340-341 

overview of, 334-337 

overvoltage, 342-343 

philosophy of, 333-334 

reverse power, 343 

rotor ground fault, 351-352, 352/ 353/ 

rotor thermal, 347-348 

short-circuit, 339-341, 341/ 

specialized, 355-367 

stator thermal, 347-348 

stator unbalanced current, 345-347, 346/ 

synchronism loss, 353-354, 355/ 

synchronizer, 339 

time overcurrent, 349-350, 350/ 

tripping methods, 367-372 

underfrequency, 249, 352-353, 354/ 


undervoltage, 342-343 
vibration, 360-362, 361/ 
voltage balance, 348-349, 349/ 
volts/hertz, 341-342, 343/ 344/ 
v^. monitoring, 334 
v^. other systems, 333-334 
protective relaying instructions, 245-250 
PSS. see power system stabilizers 
PTs. see potential transformers 
pulse-echo ultrasonic examination, 724 
pumps 

in seal-oil system, 662 
in stator cooling system, 128-131 
purity, of hydrogen, 317 

radial flow fans, 112, 113/ 114/ 
radial terminal stud connectors, 620/ 
621-625, 621/ 623/ 624/ 
radio frequency monitoring, 289-290, 290/ 
radiographic testing, of rotor, 720 
ramped voltage testing, 708-709 
ratcheting, 177 
rated flux test, 684-695 
rated hydrogen pressure, 152 
rated power factor, 147, 149 
rated voltage, 149 
rate of change, 18, 19/ 
rating 

definition of, 143 
machine, 144-145 
rating achievement, 49 
raw service water inlet pressure, 318 
raw service water inlet temperature, 318-319 
raw service water outlet temperature, 319 
reactance, 35-36, 36/ 50, 51/ 
reaction, Lenz’s law of, 18-20, 21/ 
reactive circuits, 11 
reactive power, 11, 261 
real power, 149 
rebabbitting, 568 

recharging, of deionizing system, 665 
rectifier bridge, 25 

recurrent surge oscillation testing, 736, 737/ 

recurrent surge oscillograph, 302 

redeye epoxy, 523, 524/ 

regulators, voltage, 141-142 

rehabilitation, 787-789 

rejection, of load, 234 

relaying, protective, 245-250 
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reliability, uprating and, 804-806 
removal of retaining rings, 546-554, 547/, 
548/ 549/ 550/ 551/ 

removal of rotors, 648-653, 650/ 651/ 652/ 
653/ 654/ 655/ 656/ 657/ 
repetitive starts, 177-178, 178/ 
replacement, in maintenance, 786 
reservoir, seal-oil, 662 
resins, deionizing, 134, 665 
resistance temperature detectors, 347, 

422^23, 423/ 428-433, 430/ 431/ 
432/ 

resistive circuits, 10-11, 10/ see also 
circuit(s) 
resonance 

definition of, 226 
subsynchronous, 224, 232 
response ratio, 140 
restoration, from storage, 820-822 
resultant flux, 195, 195/ 
retaining ring growth, with temperature, 
553-554 

retaining ring inspection, 539-554 
retaining ring liners, 592-594, 594/" 
retaining ring removal, 546-554, 547/ 548/ 
549/ 550/ 551/ 

retaining rings, 25, 60/ 97-105, 102/-104/ 
104-105, 105/ 

retaining ring testing, 727-731 
retightening system, 482, 482/ 483/ 
reverse power, 247 
reverse power protection, 343 
revolving field machines, 25 
rewedging, 506 

RF. see radio frequency monitoring 
RFM. see rotor flux monitor 
rigging, brush, 626, 629, 629/ 
right hand rule, 19/ 
rings 

brush, 613-617, 613/ 615/ 616/ 617/ 
618/ 

collector, 105, 106-107, 106/ 107/ 

613-617, 613/ 615/ 616/ 617/ 618/ 
619-621, 619/ 620/ 621/ 622/ 
liners, 592-594, 594/ 
retaining, 25, 60/ 97-105, 102/-104/, 
104-105, 105/ 727-731 
slip, 105, 106-107, 106/ 107/ 
surge, 478-480, 479/ 480/' 


torch, 547, 547/ 

zone, 433, 433/ 434/ 646, 648, 648/ 
ripple filler, 72, 73/ 473, 500 
Roebel, cross, 69, 69/ 

Roebel transposition, 67, 68/ 
rotating excitation systems, 137, 138/ 
rotating magnetic field synchronous 
machines, 25 

rotor-body zone rings, 646, 648, 648/ 
rotor bore, 114 
rotor bore testing, 731-732 
rotor end-winding inspection, 589-613 
rotor fan differential pressure, 313 
rotor fans, 112, 113/ 1 HZ' 
rotor flux monitor, 303 
rotor flux probe, 751-752 
rotor ground fault protection, 351-352, 352/ 
353/ 

rotor inertia, 84 
rotor inspection 

balance weights, 570-571, 571/ 
bearing insulation, 638-640, 640/ 
bearings, 567-570 

bore copper, 620/ 621-625, 621/ 623/ 
624/ 

brush misalignment, 614 
brush-pressure springs, 617, 624-626, 
627/ 628/ 

brush rigging, 626, 629, 629/ 
brush rings, 613-617, 613/ 615/ 616/ 
617/618/ 

carbon seals, 645-646, 646/ 647/ 
C-channel subslot, 589, 590/ 591/ 
centering rings, 563 

circumferential pole slots, 630, 633, 634/ 
cleanliness, 538-539, 540/ 
coil connections, 607-613 
collector ring insulation, 619-621, 619/ 
620/ 621/ 622/ 

collector rings, 613-617, 613/ 615/ 616/ 
617/618/ 

coupling bolts, 636, 637/ 638/ 
couplings, 636, 637/ 638/ 
creepage block, 587-588, 589/ 590/ 
damper windings, 571-576, 573/ 574/" 
dc main leads, 603-607, 605/ 606/ 607/ 
discharge brushes, 629-630, 630/ 631/ 
632/ 

end turns, 594-600, 598/ 599/ 600/ 601/ 
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end wedges, 571-576, 573/ 574/ 
end windings, 589-613 
fan blades, 565, 566/ 567, 567/ 
fan rings, 563-565, 563/ 564/ 565/ 
fretting-fatigue, 555-558, 557/ 
gas guides, 646, 648, 648/ 
hydrogen seals, 640-646, 644/ 645/ 646/ 
647/ 

journal seals, 641, 642/ 643/ 
main lead hydrogen sealing, 630, 633, 634/ 
main leads, 589-613, 603-607, 605/ 606/ 
607/ 

nonmagnetic 18-5 rings, 545-546 
overview of, 537-538 
patina integrity, 614-615 
pole connections, 607-613 
removal of rotors for, 648-653, 650/ 651/ 
652/ 653/ 654/ 655/ 656/ 657/ 
retaining ring liners, 592-594, 594/" 
retaining ring removal in, 546-554, 547/ 
548/ 549/ 550/ 551/ 
retaining rings, 539-554 
rotor-body zone rings, 646, 648, 648/ 
shorted turns, 600, 603 
slot liner, 580-583, 583/ 584/ 585/ 586/ 
thrust-collar seals, 642, 644/ 645/ 
tooth cracking, 554-562, 603 
top channel, 587-588, 589/ 590/ 
top-tooth cracking, 603 
turn insulation, 583-584, 586/ 
vent hole blockage, 635-636, 636/ 637/ 
wedges, 576-577, 578/ 
windings, 577-580, 5801, 581/ 582/ 
zone rings, 646, 648, 648/ 
rotor main leads, 589-613 
rotor parameters, 293-313 
rotors 

balance and, 83 
cleaning of, 538-539, 540/ 
forces in, 81-82 
friction bearings in, 85 
insulation in, 90-91, 90/ 
iron in, 6 

low-speed rotation of, 600, 603 
patina in, 614-615 

removal of, 648-653, 650/ 651/ 652/ 

653/ 654/: 655/ 656/ 657/ 
shaft of, 84 
storage of, 814 


stresses in, 87, 88 / 
symmetry in, 88-89 
torque in, 86-87 
torsion in, 86 

in turbogenerators, 81-89, 82/ 84/ 85/ 88 / 
rotor shrink coupling, 107-108, 108/ 
rotor testing 

air pressure test of rotor bore, 731-732 
bearings, 766, 766/ 

C-core test, 743, 745/ 
current-through-forging test, 762-764, 

764/ 

dc hi-pot, 734 

eddy current examination, 725-727 
fans, 727 

flux probe, 744-761 
forgings, 727 
grounding, 765 
heat-runs, 771-773 
hydrogen leak detection, 773-777 
hydrogen seals, 765-766 
insulation resistance, 733, 766, 766/ 
liquid penetrant inspection, 721-722 
magnetic particle inspection, 720-721 
nondestructive examination techniques in, 
719-731 

open-circuit, 737-739, 741/ 
polarization index, 733-734 
pole drop, 742-743 
radiographic, 720 

recurrent surge oscillation, 736, 737/ 
retaining rings, 727-731 
SF 5 gas in, 776 
shaft voltage, 765 
shorted turns, 734-761 
split-voltage test, 762, 764/ 
thermal sensitivity, 767-770 
ultrasonic examination, 722, 724-725, 724/ 
vibration testing, 718-719 
visual inspection, 720 
volt drop, 742-743 
winding impedance, 741-742, 742/ 
winding resistance, 733 
rotor thermal imbalance, 307 
rotor thermal protection, 347-348 
rotor tooth, 90/ 
rotor transience, 211 , 212 f 
rotor turning gear, 108-109, 109/ 
rotor vent hole blockage, 635-636, 636/ 637/ 
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rotor vibration, 306-308, 307/, 308/ 
rotor winding ground alarm, 299-300 
rotor winding inspection, 577-580, 580t, 
581/ 582/ 

rotor winding materials, 579-580, 580t, 581/ 
rotor winding resistance testing, 733 
rotor windings, 26-27, 89-94, 89/ 90/-94/ 
rotor winding shorted turns detection, 
300-305, 303/ 304/ 
rotor windings in slot region, 580-592 
rotor winding slot wedges, 95-96, 95/ 96/ 
rotor winding temperature, 295-299, 301/ 
routine inspections, 249-250 
roving, end-winding, 474^78, 475/ 476/ 
477/ 

RSO. see recurrent surge oscillograph 
RTDs. see resistance temperature detectors 
runback and trip, 371 
run-down, 162-163 
run-up, 162-163 

safety, inspections and, 384-387, 385/ 387/ 
salient pole construction, 25, 26f 
Savart, Victor, 18 
scarf joint, 492 
SCR. see short-circuit ratio 
screwdriver law, 5/ 
sew. see stator cooling water 
sealing arrangement, 106 
sealing inspection, 630, 633, 634/ 640-646, 
644/ 645/ 646/ 647/ 
seal-oil cooler outlet temperature, 322 
seal-oil fdter differential pressure, 323 
seal-oil flow, 323 

seal-oil inlet temperature, 321-322 

seal-oil outlet pressure, 322-323 

seal-oil pump inspection, 662 

seal-oil pump outlet pressure, 322 

seal-oil reservoir, 662 

seal-oil system, 125-128, 130/ 

seal-oil system inspection, 662-663, 663/ 

seal-oil system monitoring, 321-324 

seal-oil tank level, 323 

seal-oil vacuum tank pressure, 323-324 

seals 

carbon, 645-646, 646/ 647/ 
hydrogen, 113-117, 115/ 116/ 117/ 
journal, 641, 642/ 643/ 
thrust-collar, 642, 644/ 645/ 


seismic supports, 414, 415/ 
self-excited, 26 

semiconducting paint, 500-501, 501/ 

semiconducting system, 72-73, 73/ 

separation, system, 242 

separator pad, 64/ 

sequential trip, 371 

series winding resistance, 704 

SFg gas, 776 

shaft 

current, 308-311, 309/ 310/ 
determination of torque, 229 
determination of torsional stress, 229 
grounding, 309-310, 309/ 310/ 
in rotor forgings, 84 
speed, 305-306 
voltage, 308-311, 309/ 310/ 
shaft-mounted diodes, 668-669, 669/ 
shaft torsional oscillations, 86, 224-226 
shaft train spring model, 226-228, 227/ 
shaft voltage alarms, 629-630 
shaft voltage discharge brushes, 629-630, 
630/ 631/ 632/ 
shaft voltage suppression, 142 
shaft voltage testing, 765 
shielding 
flux, 56-62 
in stator cores, 45^6 
shifting, of coils, 635-636, 636/ 637/ 
shoes, inspections and, 377 
short-circuit 
grid induced, 229-230 
near, 191-192 
protection, 339-341, 341/ 
sudden, 211-213 

short-circuit characteristic, 165-167, 166/ 

short-circuit ratio, 52, 152 

short circuits, phase to phase, 76 

shorted turns, 600, 603 

shorted turns detector, 303, 304/ 744-761 

shorted turns testing, 734-761 

shorting strap, 61, 62/ 

short rotor wedge, 95/ 

shrinkage, thermal, 76 

shrink coupling, 107-108, 108/ 

shunt, 61,61/ 267-268, 465^66, 466/ 

shutdown instructions, 241-242 

shutdown mode, 160 

shutdown operation, 165 
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side-packing fillers, 508-509, 508/ 509/ 
silica gel, storage and, 823-824 
simultaneous trip, 370 
single-point vulnerability, 827-828 
site preparation, inspection and, 375-384 
skin currents, 173, 173/ 
sleeve bearings, 85 
slipping poles, 206-207, 234 
slip ring inspection, 613-617, 613/ 615/ 
616/617/618/ 

slip rings, 24, 89/ 105, 106-107, 106/ 107/ 
slot discharge, 284-285, 500-501, 501/ 502/ 
503/ 

slot liner, 90/ 

slot liner inspection, 580-583, 583/ 584/ 
585/ 586/ 

slot wedge, 74/ 95-96, 95/ 96/ 
solid-state loads, 233 
Southern California Edison, 22 
space block migration, 460^61, 460/ 
space blocks, 45, 46/ 
space heaters, 422, 422/ 
spare parts, 795-796, 815-818 
specialized protection, 355-367 
special operating conditions, 170-193 
specific electric loading, 49-50 
specific magnetic loading, 49-50 
speed, 150-152 
split-voltage test, 762, 764/ 
spring filler, 72, 73/ 473, 500 
spring model, 226-228, 227/ 
springs, brush-pressure, 617, 624-626, 627/ 
628/ 

spring washers, 463^64, 464/ 

SPV. see single-point vulnerability 
SSC. see stator slot coupler 
SSR. see subsynchronous resonance 
stability, 206-211, 208/ 209/ 210/212/ 
stabilizers, power system, 232 
stacks, Roebel transposed, 67-68 
staggering, in stator core, 41, 43/ 
stalling, 34 

standoff insulators, 526-527, 527/ 

star form, 16, Ilf 

start-and-stop operation, 177 

startup instructions, 241 

startup operation, 163-164 

static excitation systems, 137, 139/ 

static high-level alarm limits, 253-254 


stationary field synchronous machines, 24 
stator bar contamination, 473-474, 474/ 
stator bars, 64-65, 66/ 
stator bore, 63, 66 

stator bore contamination, 438^40, 439/ 
stator cooling inspection, 663-665 
stator cooling iron content, 329 
stator cooling water, 70-71, 128-136, 281 
stator cooling water conductivity, 327 
stator cooling water copper content, 329 
stator cooling water filter differential 
pressure, 326 

stator cooling water flow, 326-327 
stator cooling water hydrogen content, 328 
stator cooling water inlet temperature, 
276-277, 281,325 

stator cooling water makeup tank level, 329 
stator cooling water monitoring, 324-330 
stator cooling water outlet pressure, 326 
stator cooling water outlet temperature, 325 
stator cooling water oxygen content, 327-328 
stator cores 

asphalt bleeding in, 487^89, 488/ 489/ 
axial clamping in, 43/ 44 
burning in back of, 61, 62/ 467-470, 469/ 
512-515,513/514/ 

caged, inspection of, 435^38, 436/ 437/ 

cleaning, 439-440, 440/ 

composition of, 41, 41/ 42/ 

compression bands in, 467, 467/ 

construction of, 25 

cooling of, 44-45 

core-back area in, 62 

damaged lamination in, 455, 459/ 460 

eddy current in, 42, 43/ 

flux test, 52 

frame forces and, 62-63 
frames, 46^8, 47/ 

fretting, 443^55, 444/ 445/ 446/ 448/ 
449/ 

inspection of, 438^72 
iron in, 6 

iron oxide deposits in, 440-441, 442/ 
laminations in 

in air vents, 461^62, 463/ 
damaged, 455, 459/ 460 
electroetching and, 453^54, 454/ 
heat staining of 470-471, 471/ 
in stator cores, 41, 43/ 
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stator cores, laminations in (continued) 
steel, 25 

loose iron in, 443-455, 444/; 445/ 446/ 
448/ 449/ 

monitored parameters in, 265-276 

overheating in core-end, 470^72, 470/ 

overview of, 41-46 

oxide deposits in, 462^64, 464/ 

packets in, 58-59 

plate migration, 461, 462/ 

reactance and, 50, 51/ 

in rotating field machines, 25 

saturation, 468 

semiconducting system in, 72-73, 73/ 
shielding in, 45-46 
space blocks in, 45, 46/ 
staggering in, 41, 43/ 
storage of, 813 
support of, 44 
teeth in, 44, 59, 60/" 
temperature, 265-267, 266/ 
vibrations in, 44, 62-63 
winding in, 45 
wrapper plate in, 46 
yoke in, 45, 62 
stator core tests 
core loss test, 695 
EL-CID testing, 676-684 
flux screen insulation resistance testing, 
696 

rated flux test, 684-695 
through-bolt insulation resistance testing, 
696 

tightness, 673-674, 674/ 
vibration testing, 674-675 
stator current, 149-150 
stator end-winding vibration, 282-283 
stator end-winding vibration testing, 700 
stator frame inspection, 412^38, 423^28 
stator ground, generator, 245-246 
stator inspections 
air baffles, 433, 435/ 
asphalt bleeding, 487-489, 488/ 489/ 
back-of-core burning, 467^70, 469/ 
bar contamination, 473-474, 474/ 
bearing insulation, 420-421 
bearing pedestals, 420^21 
bell washer breakage, 463^64, 464/" 
belly bands, 467, 467/ 


blocked cooling vent ducks, 440 
blocking ties, 475-476, 475/ 476/ 477/ 
bushing vents, 527-528, 528/ 529/ 
bushing-well insulators, 528-529, 530/ 
531/ 

caged cores, 435^38, 436/ 437/ 
circumferential bus insulation, 520-523, 
521/ 522/ 

copper corrosion, 515-516 
core, 438^72 

core-compression plates, 464-465, 465/ 
core contamination, 438^40, 439/ 
core-end overheating, 470^72, 470/ 
core plate migration, 461, 462/ 
corona activity, 495-504 
crevice corrosion leaks, 509 
current transformers, 529-532, 531/; 

532/ 

dampening components, 426 
end-shield bearing support, 418^20, 418/ 
419/ 

end-winding blocking, 474-478, 475/ 
476/ 477/ 

end-winding retightening system, 482, 
482/ 483/ 

end-winding supports, 481-484, 481/ 
482/ 483/ 484-486, 485/ 486/' 
flow restriction in water-cooled windings, 
515-518,516/517/ 
flux screens, 465^66, 466/ 
flux shunts, 465-466, 466/ 
foundation, 413-414 
frame, 412^38,423^28 
frame footing, 412^13 
gas baffles, 433, 435/ 
gas guides, 433, 433/ 434/ 
gaskets, 518-520, 518/ 519/ 
generator end brackets, 416-418, 417/ 
girth cracking, 489^92, 490/ 491/ 
grounding cables, 414^16, 415/ 
grounding devices, 421 
heaters, 422, 422/ 
high-voltage bushings, 525, 526/ 
hoses, 518-520, 518/ 519/ 
hydrogen cooling, 532-534, 533/ 534/ 
hydrogen sealant, 528-529, 530/ 531/ 
insulation condition, 493^95, 493/ 

494/ 

insulation galling, 492 
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insulation in air ducts, 492^93 
interlaminar failures, 443^55, 444/, 445/ 
446/ 448/ 449/ 
internal components, 423^34 
iron oxide deposits, 440-441, 442/ 
keybar area, 426-428, 428/ 429/ 
lamination damage, 455, 459/ 460 
lamination in air vents, 461^62, 463/ 
loose iron, 443^55, 444/ 445/ 446/ 448/ 
449/ 

magnetic termites, 512-515, 513/ 514/ 
0-rings, 518-520, 518/ 519/ 
overview of, 411^12 
oxide deposits, 462^64, 464/ 
partial discharge activity, 497-500, 498/ 
499/ 

phase connectors, 520-534 
phase droppers, 523-525, 525/ 
piping, 416, 417/ 

resistance temperature detectors, 422^23, 
423/ 428-433, 430/ 431/ 432/ 
seismic supports, 414, 415/ 
side-packing fdlers, 508-509, 508/ 509/ 
slot discharge activity, 500-501, 501/ 

502/ 503/ 

space block migration, 460^61, 460/ 
standoff insulators, 526-527, 527/ 
support structure, 423^28 
surge ring insulation, 480^81 
surge rings, 478^80, 479/ 480/ 
tape separation, 489^92, 490/ 491/ 
terminals, 520-534 
thermocouple, 422^23, 423/ 
thermocouple wiring, 428-433, 430/ 431/ 
432/ 

water-cooled winding leaks, 509-512, 
510/511/ 

wedge migration, 507-508 
wedges, 504-507 
windings, 473-520 
wormholes, 512-515, 513/ 514/ 
zone rings, 433, 433/ 434/ 
stator phase currents, 261-262 
stator slot coupler, 292-293, 297/ 298/ 504, 
715 

stator terminal voltage, 262 
stator thermal connections, 80-81, 81/ 
stator thermal protection, 347-348 
stator transience, 211, 212t 


stator unbalanced current protection, 

345-347, 346/ 
stator wedge, 64/ 
stator wedge inspection, 504-507 
stator winding configurations, 77-80, 78/ 79/ 
stator winding differential pressure, 135, 281 
stator winding differential temperature, 
280-281 

stator winding ground alarm, 283 
stator winding inspection, 473-520 
stator winding leaks, 509-512, 510/ 511/ 
stator winding monitored parameters, 

276-293 

stator winding partial discharge, 283-293 
stator windings, 28-30, 28/ 29/ 63-73 
stator winding tests 
ac hi-pot, 710-714 
air pressure decay, 700, 701/ 
capacitance mapping, 702 
capacitance measurements, 717 
dc hi-pot, 710 
dc leakage, 708-709 
dielectric absorption, 708 
dissipation factor, 717-718 
end-winding vibration testing, 700 
flow testing, 702 
insulation resistance, 704-706 
partial discharge off-line testing, 714-716 
polarization index, 706-708 
power factor, 717-718 
pressure drop, 702 
pretesting requirements, 703-704 
ramped voltage, 708-709 
series winding resistance, 704 
tracer gases, 701 
vacuum decay testing, 701-702 
wedge tightness, 696-699, 697/ 698/ 699/ 
stator winding wedges, 73-76 
STD. see shorted turns detector 
steady-state current component, 10 
steady-state excitation control, 238 
steady-state operation, 193-196 
steel laminations, 25 
steel mills, 233-234 
steel wedges, 556-557, 557/ 
storage, long-term, 810-825 
storage tank, in cooling system, 131 
strainers, in lube oil system, 122 
strands, copper, 67 
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studs, 105-106, 106/, 620/ 621-625, 621/ 
623/ 624/ 

subslot, C-channel, 589, 590/ 591/ 
sub synchronous resonance, 224, 232 
subtransient reactance, 50 
subtransient state, 208-211 
sudden short circuit, 211-213 
support systems, end-winding, 76-77, 77/ 
78/ 481-484, 481/ 482/ 483/ 
484^86, 485/ 486/ 
surface discharge, 501 
surge-ring inspection, 478^80, 479/ 480/ 
surge-ring insulation, 480-481 
surge-ring supports, 425 
survey, wedge, 506 
synchronization 
out-of-phase, 234 
out-of-step, 191-192 

synchronization protection, 353-354, 355/ 
synchronized mode, 163, 164f 
synchronizer protection, 339 
synchronous impedance curve, 165-167, 
166/ 

synchronous machines 
background of, 21-24 
basic operation of, 30-38 
construction principles, 24-26, 26/ 27/ 
equivalent circuit in, 17/ 35-36, 35/ 36/ 
generator operation in, 33/ 35 
machine losses in, 36-38 
motor operation in, 33/ 34-35 
no-load operation, 32-34 
rotating magnetic field, 25 
rotor windings in, 26-27 
size of, growth in, 23, 24/ 
stationary field, 24 
stator windings in, 28-30, 28/ 29/ 
synchronous speed, 150-152 
system considerations, 213-224 
systems, expert, 257-260 
system separation, 242 

tagging compounds, 270 
tape, semiconducting, 500-501 
tapered wedge slide, 65/ 
tape separation, 489-492, 490/ 491/ 
technical bulletins, 539-540 
technology, monitoring and, 252 
teeth, 59, 60/ 554-562 


temperature 

bearing inlet oil, 311-312 
bearing metal, 311 
bearing outlet oil, 312 
class, 213 

conductor bar hose outlet, 277-278 
conductor bar slot, 278-280 
of cooling water, 134-135, 276-277 
core, 265-267, 266/ 
core-clamping plate, 267, 268/ 
exciter, 314 
hydrogen, 152-153 
hydrogen seal, 312 
raw service water inlet, 318-319 
raw service water outlet, 319 
retaining ring growth with, 553-554 
rises, 213 

rotor winding, 295-299, 301/ 
seal-oil cooler outlet temperature, 322 
seal-oil inlet temperature, 321-322 
shunt, 267-268 
stator cooling water inlet, 325 
stator cooling water outlet, 325 
stator winding differential, 280-281 
uprating and, 798-799 
temperature distribution, 68-69, 69/ 
terminal connector inspection, 620/ 621-625, 
621/ 623/ 624/ 

terminal connectors, 105-106, 106/ 
terminal inspection, 520-534 
terminal voltage, 149, 184/ 186/262 
termites, magnetic, 512-515, 513/514/ 
Tesla, Nikola, 23 
testing 
rotor 

air pressure test of rotor bore, 731-732 
bearings, 766, 766/ 

C-core test, 743, 745/ 
current-through-forging test, 762-764, 
764/ 

dc hi-pot, 734 

eddy current examination, 725-727 
fans, 727 

flux probe, 744-761 

forgings, 727 

grounding, 765 

heat-runs, 771-773 

hydrogen leak detection, 773-777 

hydrogen seals, 765-766 
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insulation resistance, 733, 766, 766/ 
liquid penetrant inspection, 721-722 
magnetic particle inspection, 720-721 
nondestructive examination techniques 
in, 719-731 

open-circuit, 737-739, 741/ 
polarization index, 733-734 
pole drop, 742-743 
radiographic, 720 

recurrent surge oscillation, 736, 737/ 
retaining rings, 727-731 
SFg gas in, 776 
shaft voltage, 765 
shorted turns, 734-761 
split-voltage test, 762, 764/ 
thermal sensitivity, 767-770 
ultrasonic examination, 722, 724-725, 
724/ 

vibration testing, 718-719 
visual inspection, 720 
volt drop, 742-743 
winding impedance, 741-742, 742/ 
winding resistance, 733 
stator core 
core loss test, 695 
EL-CID testing, 676-684 
flux screen insulation resistance testing, 
696 

rated flux test, 684-695 
through-bolt insulation resistance 
testing, 696 

tightness, 673-674, 674/ 
vibration testing, 674-675 
stator winding 

ac hi-pot, 710-714 
air pressure decay, 700, 701/ 
capacitance mapping, 702 
capacitance measurements, 717 
dc hi-pot, 710 
dc leakage, 708-709 
dielectric absorption, 708 
dissipation factor, 717-718 
end-winding vibration testing, 700 
flow testing, 702 
insulation resistance, 704-706 
partial discharge off-line testing, 
714-716 

polarization index, 706-708 
power factor, 717-718 


pressure drop, 702 
pretesting requirements, 703-704 
ramped voltage, 708-709 
series winding resistance, 704 
tracer gases, 701 
vacuum decay testing, 701-702 
wedge tightness, 696-699, 697/ 698/ 
699/ 

storage and, 822-825 
uprating and, 806-807 
thermal connections, stator, 80-81, 81/ 
thermal cycling, 76 
thermal expansion, of bars, 76 
thermal imbalance, 307 
thermal protection, 347-348 
thermal sensitivity testing, 767-770 
thermal shrinkage, 76 
thermoplastic insulation, 487 
thermosetting, 487 
third harmonics, 340 
three-phase circuits, 15-16, 17/ 
three stator phase currents, 261-262 
through-bolt insulation resistance testing, 
696 

through-transmission ultrasonic testing, 
724-725 

thrust-collar seals, 642, 644/ 645/ 
ties, blocking, 475^76, 475/ 476/ 477/ 
tightness 

stator core, 673-674, 674/ 
wedge, 696-699, 697/ 698/ 699/ 
tilting pad bearings, 100-111, 1 IQ/" 
time overcurrent protection, 349-350, 350/ 
tip-up test, 717-718 
tool inventory, 379, 381/ 382/ 
tools, for inspection, 389-394, 390/ 391/ 
392/ 393/ 394/ 
tooth cracking, 554-562, 603 
top bars, 63, 64/ 65/ 
top channel, 587-588, 589/ 590/ 
top fdlers, 64/ 
top-tooth cracking, 603 
torch ring, 547, 547/ 
torque 

determination of shaft, 229 
generators and, 39^0 
on rotor, 86-87 
in rotor forging, 81-82 
torque angle, 34 
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torsion 

determination of, 229 
grid-induced, 224-237 
material changes due to, 229 
monitoring of, 234-236, 236/ 
in rotor shaft, 86 

torsional vibration monitoring, 308 
tracer gases, 701 
training, inspection, 384 
transient excitation control, 238 
transients, 208-211, 224 
transportation, maintenance and, 791-792 
transposition, Roebel, 67, 68/ 
trees, 498^99 

triangle, power, 11-15, 13/ 14/ 
tripping methods, 367-372 
turbine-imposed limits, 168, 170/" 
turbogenerators 

accessibility of, 388-389 
armature reaction in, 48-51,51/ 
auxiliary systems for, 121-142 
electromagnetics in, 51-56 
end-region effects and, 56-62 
end-winding support systems in, 76-77, 
77/ 78/ 

exciter systems in, 136-142 
frame forces in, 62-63 
function of, 39 

hydrogen coolers in, 46, 111-112, 1 \2t, 
118, 118/ 122-125, 124/ 125/ 
lube-oil system in, 122 
magnetic fields in, 5 
operating instructions, 239-250 
operating modes, 160-165 
operating parameters, 143-160 
parallel operations of, 203-206, 206/ 
power output basics, 40 
range of, 39 

rating achievement in, 49 
rating of, 143 
retaining rings in, 97-105 
rotational speeds of, 39 
rotor forging in, 81-89, 82/ 84/ 85/ 88/ 
rotor shrink coupling in, 107-108, 108/ 
seal-oil system in, 125-128, 130/ 
stability of, 206-211, 208/ 209/ 210/ 
212 / 

stator cores in, 41-46 


stator frames in, 46^8, 47/ 
stator thermal connections in, 80-81, 
81 / 

stator winding configurations in, 77-80, 
78/ 79/ 

stator windings in, 63-73 
system considerations, 213-224 
torque and, 39-40 
uprating, 796-810 
turning gear, 108-109, 109/ 
turning gear extended operation, 178-181, 
179/ 180/ 

turning gear mode, 160-162 
turn insulation, 583-584, 586/ 
turns, shorted, 600, 603 
turn-to-turn faults, 349-350, 350/ 
TVAprobe, 716, 716/ 
two-pole forging, 82/ 
two-shifting, 411, 537-538 

U/F. see underfrequency operation 
ultrasonic inspection, 722, 724-725, 724/ 
ultrasonic probe, 716 
unbalanced current protection, 345-347, 
346/ 

unconsolidated slot liners, 580-581 
underexcitation, 35 
underexcitation limiter, 141 
underfrequency operation, 193, 194/ 
underfrequency protection, 249, 352-353, 
354/ 

undervoltage protection, 342-343 
unexcited operation, 170-174 
upgrading, 787-789 
uprating, 787-789, 796-810 

component evaluation in, 800-804 
considerations, 798-800, 798r 
cooling and, 799-800 
drivers for, 796-798 
electromagnetic forces and, 799 
heat-run testing after, 808-809 
maintenance after, 810 
maintenance prior to, 807 
reliability and, 804-806 
temperature and, 798-799 
testing prior to, 806-807 
vibration and, 799 
useful flux, 195, 195/ 
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vacuum decay testing, 701-702 
vacuum pressure impregnation, 500 
V-curves, 169-170, 172/ 
vector diagram, 196, 197/ 198/ 
vent bagging, 511/ 

vent blockage, rotor, 635-636, 636/ 637/ 
venting, in cooling system, 131, 132/ 440, 
461^62, 463/ 

vents, bushing, 527-528, 528/ 529/ 
vertical terminal connectors, 620/’, 621-625, 
621/ 623/ 624/' 

vertical type hydrogen cooler, 118, 118/" 

V/Hz. see volts per hertz 

vibrations 

alleviation techniques, 236-237 
analysis, 360-361, 361/ 
in end-winding, 76 
in frame, 274-276 
grid-induced torsional, 224-237 
industry experience and, 236-237 
material changes due to, 229 
as monitored parameter, 273-274 
monitoring of, 234-236, 236/ 
protection for, 360-362, 361/ 
rotor, 306-308, 307/ 308/ 
shaft torsional, 224-226 
in stator core, 44, 62-63 
stator end-winding, 282-283 
stator frame, 425^26 
testing, 674-675,718-719 
torsional, 308 
uprating and, 799 
visual inspection, of rotor, 720 
void augmentation, 498^99 
voltage 

balance, 348-349, 349/ 
buildup during acceleration, 182-185 
excitation, 139-140 
field, 150, 263 

fundamental equation, 153-154 

line, 15 

nominal, 149 

phase, 15 

ramped, 708-709 

rated, 149 

regulators, 141-142 
shaft, 308-311,309/ 310/ 
stator terminal, 262 


terminal, 149, 184/ 186/ 
variation, 214 

voltage balance protection, 348-349, 349/ 
voltage discharge brushes, 629-630, 630/ 
631/ 632/ 

voltage regulators, 244 
voltage response ratio, 237 
volt drop testing, 742-743 
volts per hertz, 153-160, 154/ 155/ 156/ 
158/ 159/ 187/264 

volts per hertz protection, 341-342, 343/ 
344/ 

VPI. see vacuum pressure impregnation 
vulnerability, single-point, 827-828 

wall insulation, 580-583, 583/ 
washers, bell, 463-464, 464/ 
water box, 509, 511 
water cooling, 70-71, 112t, 128-136, 
509-512,510/ 511/ 
water exclusion, 376 
water ingression, 192 
wedge 

discoloration, 578/ 

end, 571-576,573/ 574/ 

inspection, 504-507, 576-577, 578/ 

loose, 506 

migration, 507-508 

overheating in, 577 

slot, 74/ 95-96, 95/ 96/ 

stator, 64/ 

stator winding, 73-76 
steel, 556-557, 557/ 
survey, 506 

tightness testing, 696-699, 697/ 698/ 
699/ 

wedge packing, 65/ 
wedge-to-slot fretting fatigue, 558 
winding blocking, 474^78, 475/ 476/ 
477/ 

winding deformation, 597-600 
winding factor, 54, 55/ 
winding impedance, 741-742, 742/ 
winding inspection, 577-580, 580t, 581/ 
582/ 

winding losses, 37 

winding materials, 579-580, 580f, 581/ 
winding resistance testing, 704, 733 
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winding shift, 635-636, 636yj 637/ 
winding slot wedges, 89/ 
workforce, maintenance, 792-795 
wormholes, 512-515, 513/ 514/ 
wrapper plate, 46 
wye form, 16, 17/64 


ZCFD. see zero crossing flux density 
zero crossing flux density, 305, 306/ 747 
zero sequence, 219 
zone ring inspection, 646, 648, 648/ 
zone rings, 433, 433/ 434/ 


yoke, in stator core, 45, 62 



